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Clovers enter a symbiotic relationship with particular rhizobia through a highly specific 
and complex signal exchange culminating in the formation of nitrogen-fixing root 
nodules. Legumes exude flavonoids that are perceived by compatible rhizobia through a 
LysR-type regulator NodD. Activated NodD mediates expression of the nodulation (nod) 
genes, which produce a cocktail of signalling molecules known as Nod factors (NF). 
Recognition of NF by compatible legumes initiates nodule formation. Distinct strains of 
the clover-nodulating species, Rhizobium leguminosarum bv. trifolii (Rlt), vary in their 
ability to nodulate different clover species effectively, and to form nodules in 
competition with other strains. This is important agriculturally as indigenous strains 
often outcompete added inoculum strains that are superior at nitrogen fixation.  
We investigated the genetic determinants of varying host responses between three Rlt 
strains that differed in their ability to form efficient symbioses on white, red and 
subterranean clovers. To determine whether differences in nod gene expression 
contributed to this host specificity or competitive ability, we investigated the induction 
of nodA and nodF promoters from the three strains. The studies revealed significant 
variation in nod gene expression in response to flavonoid 7,4’-dihydroxyflavone, due to 
both the host strain background and the particular promoter. The strength of promoter 
expression of nodA or nodF also appeared to correlate with the competitive ability of the 
Rlt strain. We also showed that expression of the nodF operon had a non-equal influence 
on symbiotic proficiency depending on the Rlt strain, and elevated nodF expression 
appeared to enhance nodulation of annual clover species.  
Distinct phenological barriers exist that generally limit efficient Rlt symbiosis to either 
annual or perennial clover hosts. We found that Rlt nod gene expression profiles 
correlate with success on a specific type of host. We suggest that a two receptor system 
exists in clover, where following entry via a broad-spectrum receptor, a stringent 
cortical receptor distinguishes the NF profile produced, providing greater compatibility 
scrutiny by the host. 
Previously Rhizobium leguminosarum species were considered to contain a single copy 
of nodD. However we showed that some strains of Rlt contain a second copy of nodD, 
designated nodD2. Single and double nodD1 and nodD2 markerless deletion mutants 
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were constructed in Rlt strain TA1. The nodD1 deletion mutant revealed only a slight 
reduction in nodulation on white clover, whereas deletion of both copies of nodD 
resulted in abolished nodulation, which was restored by complementation with either 
nodD1 or nodD2. Together these results provided evidence of a functional NodD2 in 
some strains of Rlt. Moreover, we demonstrated that NodD1 and NodD2 show significant 
differences in their capacity to induce nod gene expression and infection thread (IT) 
formation. NodD1 and NodD2 protein structure predictions suggested variation in their 
flavonoid binding pockets, and furthermore NodD2 appeared to confer the ability to 
nodulate a broader range of hosts. Significantly, competition studies revealed an 
important role for NodD2 in competitive nodule formation on white clover.  
nodD2 was found in the genomes of eight out of 13 strains of Rlt investigated, and was 
absent from the 13 strains with genome sequence available of another biovar of the 
same species, Rhizobium leguminosarum bv. viciae (Rlv). It appeared that nodD2 arose 
via two distinct genetic mechanisms, duplication in some strains and horizontal 
acquisition in others. Phylogenetic analysis of the Rlt NodD sequences revealed distinct 
clustering relating to the phenological distinction of the hosts. There was a correlation 
between the presence of NodD2 and the ability to form effective symbiosis with 
perennial clover hosts. We propose that NodD2 responds to a different inducer than 
NodD1 that is produced in the cortical cells of the host, and results in a specific NF 
profile that is perceived by the stringent cortical receptor, required for efficient and 
competitive infection of perennial clovers.  
A pipeline for transcriptomic analysis of clover rhizosphere-grown Rlt was developed 
with promising early results. Despite a limited exploratory investigation, two of three 
genes chosen for investigation revealed a slight competitive disadvantage when deleted. 
This RNA-seq analysis has provided a basis for future large scale in-depth 
transcriptomic analysis to determine genetic traits contributing to rhizosphere 
competence.  
In summary, we have determined several genetic traits to be utilised as selection criteria 
for highly competitive inoculant strains. Furthermore, the transcriptomic pipeline 
developed will enable identification of further genetic factors contributing to successful 
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Agriculture is a key sector in New Zealand’s economy and legumes, such as clovers, are 
an essential component of NZ’s pastoral systems. Legumes form a symbiotic relationship 
with rhizobia, which are common soil bacteria. They become established in structures 
known as nodules formed on legume roots and fix atmospheric nitrogen into mineral 
nitrogen, a process that is referred to as biological nitrogen fixation (BNF). BNF 
primarily occurs in NZ pastures through the symbiotic relationship of white clover and 
the strict clover nodulating symbiont, Rhizobium leguminosarum bv. trifolii (Rlt) 
(Dénarié et al., 1992). BNF has an important role in farming by improving soil fertility 
and therefore improving pasture production. Nitrogen supplied to pastures through the 
rhizobium-legume symbiosis is referred to as NZ’s competitive advantage (Caradus et 
al., 1996), but there has been little contemporary research carried out on rhizobia in the 
context of forage legumes in NZ. 
The rhizobium-legume symbiosis is an intricate relationship, resulting in drastic 
developmental changes in both the plant and bacterium. A new organ is formed on the 
roots, called a nodule, inhabited by rhizobia that have undergone radical changes in 
morphology and physiology to become nitrogen-fixing endosymbionts known as 
bacteroids (Oldroyd et al., 2011). Establishment of the symbiosis requires a complex 
signal exchange between the legume and bacterium (Dénarié and Cullimore, 1993). Each 
legume produces specific flavonoids that are recognised by certain species of rhizobia 
and induce expression of nodulation (nod) genes, which are responsible for the 
production of Nod factor (NF), allowing for infection and subsequent nodulation of the 
legume (Spaink, 2000; Liu and Murray, 2016) (Figure 1.1).  
This study sought to unravel the genetic basis of competitive nodule formation and 
rhizosphere colonization by clover rhizobia through the identification of key genetic 
traits and pathways associated with competitive ability. This introduction provides 
background information regarding the rhizobium-legume symbiosis, initially describing 
the importance of fixed nitrogen globally and then more specifically in the context of NZ 
agriculture, including the particular rhizobia and legumes of interest in this study.  
There is a focus on the signals exchanged between the host and the microsymbiont, with 
particular detail regarding the nod genes of Rlt that are required for the production of 
NF which signals to the host. Included in that section is the regulation of NF 
3 
 
biosynthesis, under the control of the regulator NodD, which is responsible for the 
perception of the legume signal and subsequent activation of the nod genes. This is 
followed by an overview of NF reception by the plant, and resultant nodule 
organogenesis. The last section provides a brief summary of the rhizosphere, 
competition and the usefulness of transcriptomics in understanding rhizosphere 
competence, followed by an outline of the overall aims from this study.  
This work is part of a broad collaborative effort with AgResearch and Lincoln University, 
and was funded under subcontract from AgResearch by the NZ Ministry of Business 
Innovation and Employment (MBIE) Contract C10X1308 "Improving forage legume-
rhizobia performance”. 
 
Figure 1.1 Simplified diagram of the signal exchange between a legume and compatible 





1.2 Nitrogen fixation 
The Earth’s atmosphere consists of 78% molecular dinitrogen (N2), which exists as a 
triple bonded diatomic form. This triple bond renders N2 essentially an inert gas, 
meaning it does not easily react to form other molecules. Fixed inorganic nitrogen is a 
biologically usable form of nitrogen and is often limiting in primary production (Canfield 
et al., 2010). Therefore, despite the abundance of N2, fixed nitrogen is a limiting factor 
for life. 
1.2.1 Biological nitrogen fixation  
The main source of naturally occurring fixed nitrogen is the BNF process, where 
atmospheric nitrogen is converted to ammonia (NH3) via the nitrogenase enzyme. The 
ability to carry out BNF is restricted to prokaryotes, and these bacteria and archaea 
capable of nitrogen fixation are referred to as diazotrophs. There are both free-living 
and symbiotic diazotrophs, and collectively the symbiotic diazotrophs are termed 
rhizobia. Rhizobia consist of phylogentically diverse α- and β-proteobacteria that are 
capable of eliciting nodules on legumes (Masson-Boivin et al., 2009).  
BNF was responsible for 90% of fixed nitrogen prior to agriculture, and the remaining 
10% occurred abiotically, primarily due to lightning (Gage, 2004). With the combined 
contribution from human activity, including increased planting of legumes and in 
particular, the Haber-Bosch process for artificially generating ammonia (Smil, 1999; 
Erisman et al., 2008), BNF is now responsible for just two thirds of the global nitrogen 
fixation (Rubio and Ludden, 2008). 
1.3 Agriculture in New Zealand 
Pasture-based products provide a significant financial benefit to New Zealand. The total 
contribution to the NZ economy for the June 2007 year was estimated at approximately 
$20.5 billion, or 12.1% of the GDP (Sanderson and Webster, 2009).  
NZ is the largest dairy exporter in the world, exporting > 90% of total milk production. 
As of June 2015, agricultural production statistics published by Stats NZ revealed 
livestock numbers of 29.1 M sheep, 6.5 M dairy cattle, 3.5 M beef cattle and 0.9 M deer 
across the country (Statistics NZ, 2015). As of December, 2017 NZ had an estimated 
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population of 4,793,700 (Statistics NZ, 2017), meaning that there is at least 8 livestock 
per person in NZ.  
1.3.1 Costs associated with nitrogen fertiliser use 
NZ’s overall greenhouse gas emissions (GHG) are significantly impacted by agriculture. 
In 2016, the agriculture sector was responsible for the production of 49.2% of NZ’s gross 
emissions. The most significant GHG emissions come from methane (CH4), however, 
nitrous oxide (N2O) is considered the third most important anthropogenic GHG. Of the 
emissions produced by the NZ agriculture sector, N2O contributed 22.4%, meaning that 
N2O was responsible for approximately 11% of the total GHG emissions produced by NZ 
in 2016. Furthermore, the 100-year average global warming potential (GWP) of N2O is 
considered to be 296 times greater than carbon dioxide (CO2) in terms of 1:1 mass of the 
two types of GHG (Houghton et al., 2001). The majority of the N2O emissions result from 
adding N fertilisers to soil, and the use of synthetic N fertilisers has increased > 600% 
since 1990, resulting in the application of 432,200 T of synthetic N fertilisers to NZ soil 
in 2016 (Ministry for the Environment, 2018).  
When the application of nutrients such as N and phosphorous (P) to the soil is not 
balanced with uptake by plants, the nutrients can enter waterways such as lakes and 
rivers. This occurs through surface runoff, or leaching through the soil and 
contaminating groundwater (Williams and Richardson, 2004). Cultural eutrophication is 
the biggest issue in terms of surface water contamination in both coastal and freshwater 
ecosystems across the globe (Smith and Schindler, 2009). Unsurprisingly, this is a huge 
problem in NZ. Based on monitoring of 112 NZ lakes, 44% were found to be eutrophic or 
worse, meaning they have very poor or extremely poor water quality. This data set was 
extrapolated to predict that of the 3820 NZ lakes that are >1 ha, 32% would be eutrophic 
or worse (Verburg et al., 2010). 
Aside from the financial cost of utilising fertilisers on such a large scale, there is clearly 
an enormous environmental burden associated with the intensification of farming in NZ, 
and steps need to be taken to mitigate the environmental impact where possible. 
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1.3.2 Issues with the current commercial exploitation of the 
rhizobium-legume symbiosis 
Trifolium repens (white clover) is a perennial species and is the dominant legume used 
in NZ pastures, typically in combination with Lolium perenne (perennial ryegrass) 
(Knowles et al., 2003; Milne, 2011). Seed in NZ is currently inoculated with an Rlt strain 
imported from Australia, strain TA1, but the use of this strain is problematic as TA1 is 
not well suited to NZ soils (Howieson et al., 2005). Across three field sites in Australia, 
TA1 nodule occupancy was analysed. It was found to compete poorly for nodule 
occupancy at two sites and following initial success at the third site, did not persist well 
beyond the first year. The authors suggested TA1 may not be well adapted to the 
alkaline soils examined (Denton et al., 2002). Another study in Australia investigated six 
strains of Rlt in acid soils (pH 4.2), and this study revealed that TA1 was poor in 
colonisation and persistence in acid soils (Watkin et al., 2000). In both alkaline and acid 
soil studies, strain WSM409 was superior to TA1, which suggests that either TA1 does 
not tolerate non-neutral pH well, or, as suggested by Denton et al. (2002), the 
superiority of WSM409 over TA1 is independent of pH. 
It is well known that Rlt strains vary in their ability to form nodules on clover in 
competition with other strains, as well as in their ability to nodulate diverse clover 
species effectively. In NZ this is important agriculturally as indigenous strains often out-
compete added commercial inoculum strains, even though the commercial strains are 
often much more efficient at nitrogen fixation (Rys and Bonish, 1981; Denton et al., 
2002). This renders the commercial inoculant ineffectual in the field. Although it is 
known that strains vary in competitive ability, the genetic basis of competitive nodule 
formation is poorly understood. The first step in improving the commercial efficacy of 
inoculant rhizobia is to select competitive strains. To achieve this we need to improve 
our understanding of the genetics associated with competitive ability in order to inform 
our selections.  
Given the importance of the Haber-Bosch process in supplying the global N requirement, 
it is unlikely that N supplied by the rhizobium-legume symbiosis can substitute entirely. 
However, as outlined above, there are significant consequences to the use of synthetic 
fertilisers and increasing the amount of N supplied by the rhizobium-legume symbiosis 
should lead to more sustainable agricultural systems (Crews and Peoples, 2004). Areas 
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that have been identified for improvement include ensuring that legumes are inoculated 
with effective and efficient strains of rhizobia (Giller and Cadisch, 1995). 
1.4 Rhizobium leguminosarum  
1.4.1 Classification and features 
Rhizobium leguminosarum is a member of the Rhizobiaceae family of the class 
Alphaproteobacteria. It is a motile, non-spore forming, gram negative rod that forms 
white coloured colonies on yeast mannitol agar (YMA), with colonies appearing from 3 – 
5 days. It has a temperature range of 10 - 35˚C and an optimum growth temperature of 
28˚C. It has a pH range of 6 – 8 with an optimum pH of 7.75 (Ramírez-Bahena et al., 
2008; Reeve et al., 2010a; Reeve et al., 2013a; Delestre et al., 2015). Until 1984, 
Rhizobium leguminosarum, R. trifolii and R. phaseoli were considered to be separate 
species, at which point they were re-classified and designated as different biovars of the 
same species (Jordan, 1984; Pinero et al., 1988; Ramírez-Bahena et al., 2008), becoming 
R. leguminosarum bv. viciae (Rlv), Rlt and R. leguminosarum bv. phaseoli, respectively.  
1.4.2 Rhizobium leguminosarum bv. trifolii strains of 
interest in this study 
This study focussed on four strains of Rlt: TA1, CC275e, WSM1325 and CC283b. These 
strains were chosen in consultation with collaborators at AgResearch because they 
present variable symbiotic potential across several agriculturally significant clover 
species (section 1.5.1). All four are or have been used commercially for inoculation of 
clover species in NZ and/or Australia.  
TA1 is the current commercial inoculum for white clover and Trifolium pratense (red 
clover) in Australia (Drew et al., 2012; Reeve et al., 2013a) and for white clover in NZ 
(Delestre et al., 2015). This strain was originally isolated in the 1950s in Tasmania, 
Australia, from a root nodule of a Euro-Mediterranean annual clover, Trifolium 
subterraneum (subterranean clover) (Reeve et al., 2013a). Strain CC275e was isolated 
from white clover in Tasmania. For decades CC275e was widely used in NZ for 
application to white clover. Starting from 1974, manufacture of commercial inoculants 
in NZ was discontinued. CC275e became the only commercially available strain 
(produced in Australia) for inoculation of white clover. Around 2005 TA1 replaced 
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CC275e as the white clover inoculant, despite CC275e being considered more effective 
than TA1. The switch to TA1 was simply because of ease of production (Lowther and 
Kerr, 2011; Delestre et al., 2015). WSM1325 was isolated on the Greek island, Serifos, 
from an unknown annual clover species. It is commercially significant due to being an 
effective symbiont on a broad range of annual species of clover, but it is also compatible 
with perennial species, i.e. white clover (Yates et al., 2005; Reeve et al., 2010a). The 
strain CC283b was isolated from the dried root material of Trifolium ambiguum 
(caucasian clover) and is a commercial inoculant used specifically to inoculate caucasian 
clover, as there are no naturally occurring caucasian clover rhizobia in NZ (Zorin et al., 
1976; Elliot et al., 1998). A potential issue with CC283b is its ability to form ineffective 
nodules on white clover. CC283b was not used extensively in this study.  
1.4.3 Variation in symbiotic proficiency  
Some rhizobia are capable of nodulating a wide range of hosts, for instance Rhizobium 
fredii USDA and Rhozibium sp. NGR234 can nodulate 135 (79 genera) and 232 species 
(112 genera) of legumes, respectively (Pueppke and Broughton, 1999), whereas other 
species such as Rlt, Rlv and S. meliloti have a very narrow host-range, only able to 
nodulate Trifolium (clover), Pisum/Vicia (pea/vetch) and Medicago/Melilotus/Trigonella 
(alfalfa/sweet clover/fenugreek) species, respectively (Dénarié et al., 1992). 
Aside from variation in host-range, there is significant variation in symbiotic proficiency 
within species. The four strains of interest in this study are significantly different in their 
symbiotic potential across various species of clover. An analysis into the difference 
between these strains was performed by Anthony Major, with the results presented in 
detail in section (3.2.1). Utilising strains with varying symbiotic properties gave us the 
potential to correlate the genotypic differences with the observed symbiotic phenotypes.  
1.5 Trifolium legumes 
The genus Trifolium is one of the largest members in the legume Fabaceae 
(Leguminosae) family, with more than 240 species recognised (Lamont et al., 2001; 
Ellison et al., 2006). This section will provide background information on the main 
Trifolium species focussed on in this study.  
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1.5.1  The main Trifolium species of interest in this study 
1.5.1.1 Trifolium repens (White clover) 
White clover is a tetraploid (2n=4x=32), perennial species (Lamont et al., 2001) and the 
ubiquitous presence of white clover is often declared as the key to NZ’s international 
competitive advantage when it comes to pastoral industries (Caradus et al., 1996; 
Lowther and Kerr, 2011). White clover is considered to be widely adaptable and has 
good tolerance to grazing stress. White clover also provides a high nutritive value, 
compared with rye grass and other legumes, resulting in improved forage intake by 
animals (Ulyatt et al., 1977; Caradus et al., 1996). White clover is the most important 
pasture legume in NZ and its estimated contribution to the NZ economy, indirectly and 
directly, was approximately $3 billion in 1995 (Caradus et al., 1996). 
1.5.1.2 Trifolium pratense (Red clover) 
Red clover is a short lived perennial forage species that persists well for 2 – 4 years 
(Boller et al., 2010). Red clover has both diploid (2n = 2x = 14) (Sato et al., 2005) and 
tetraploid (2n=4x=28) cultivars (Boller et al., 2010). It was reported in the late 70s that 
approximately 50% of pasture sown in NZ contains red clover (Ulyatt et al., 1977). 
1.5.1.3 Trifolium subterraneum (Sub clover) 
Sub clover is a diploid (2n = 16) (Ghamkhar et al., 2012) annual species of clover. It 
grows well in winter and early spring, much faster than perennial species, and it is 
particularly effective on sunny hill country in the North Island and dryland in the South 
Island (Smetham, 2003).  
1.5.1.4 Trifolium ambiguum (Caucasian clover) 
Caucasian clover, also known as Kura clover, is a natural polyploid existing as in diploid 
(2n = 16), tetraploid (4n = 32) and hexaploid (6n = 48) forms. It is a rhizomatous 
perennial forage legume and is tolerant to disease and to a range of harsh environmental 
conditions, but requires very specific rhizobia for nodulation (Speer and Allinson, 1985; 
Elliot et al., 1998; Miller et al., 2007).  
1.6 Signals in the rhizobium-legume symbiosis  
In order for the highly specific rhizobium-legume relationship to occur, there are signals 
shared by both the plant and rhizobia that allow establishment of this symbiosis. The 
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plant produces flavonoids specific to certain strains of Rhizobium that induce expression 
of the nod genes, allowing for infection and subsequent nodulation of the legume.  
1.6.1 Plant nod gene inducers 
After the discovery that nod gene induction required some kind of signal present in the 
exudate of plant host roots (Innes et al., 1985; Rossen et al., 1985; Peters et al., 1986), 
studies then focussed on elucidation of the component(s) responsible. Early work 
identified the compounds required for transcription of nod genes in Rhizobium species 
as a class of plant secondary metabolites called flavonoids, and several excreted from 
different legumes were described. The first two nod inducing flavonoids discovered 
were luteolin (5,7,3’,4’-tetrahydroxyflavone) and 7,4’-dihydroxyflavone (DHF), isolated 
from Medicago sativa and Trifolium repens, respectively (Peters et al., 1986; Redmond et 
al., 1986). 
Flavonoids are low molecular weight plant secondary metabolites biosynthesised by the 
phenylpropanoid pathway. They consist of a 15-carbon backbone which includes two 
benzene rings (Figure 1.2). Legumes produce a large array of different flavonoids and 
isoflavonoids, and these signalling molecules are considered an important determinant 
of host specificity (Liu and Murray, 2016). 
1.6.1.1 White clover flavonoids 
After determining that legumes could release stimulatory factors, the washings of T. 
repens seeds were collected and analysed (Redmond et al., 1986). Three separate active 
fractions; A, B, and C, were obtained and the major component of each was a substituted 
flavone. The main component of fraction A was shown to have identical properties to a 
synthetic 7,4’-dihydroxyflavone (Figure 1.2), indicating this was the compound 
responsible for the observed nod gene expression. Fractions B and C each contained 
another flavonoid inducer, 7,4’-dihydroxy-3’-methoxyflavone (geraldone), and 4’-
hydroxy-7-methoxyflavone, respectively. However, although these flavonoids induced 
nodA-lac activity using concentrations similar to that of DHF, the effect on expression 
levels observed were not as dramatic. The expression of nod genes exposed to DHF was 
detected, using a nodA-lac fusion, at a concentration of 3 x 10-8 M. Expression of other 
nod-lac fusions was also detected, including nodF expression, using 5 x 10-7 M DHF. 
Furthermore, at a concentration of 6 x 10-6 M DHF, nodA expression was >20 times 
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background levels, confirming that DHF induces the expression of nod genes in Rlt 
(Redmond et al., 1986). 
 
Figure 1.2 Structure of the flavonoid 7,4’-dihydroxyflavone (DHF) from T. repens.  DHF is 
the primary inducer of nod gene expression in Rlt.Nod factor: genes, structure 
and function 
Upon recognition of an appropriate flavonoid, the rhizobial nod genes are induced, 
resulting in the production of lipo-chitooligosaccharides (LCOs) known as NFs. In 
general, NFs are essential for initiation of nodule formation on the host plant, and the 
structure of NFs produced by different Rhizobium strains is a crucial determinant of host 
specificity (Spaink, 2000).  
1.6.2.1 Discovery of the Rhizobium symbiotic genes (nod genes) 
An early study revealed that incubation of Rlt at 35°C for 7 days resulted in Nod- 
mutants. This loss of the nodulation phenotype was linked to the loss of large plasmids 
in the same strains, indicating the nod genes in this species were plasmid-borne 
(Żurkowski and Lorkiewicz, 1978). Further work determined definitively that the nod 
genes, as well as nitrogen fixation (nif) genes, were located on large plasmids across 
many different Rhizobium species (Nuti et al., 1979; Banfalvi et al., 1981).  
A plasmid in Rlt strain ANU843, named Sym (symbiosis), determined host specificity as 
well as the other steps required for nodulation and nitrogen fixation on clover roots 
(Hooykaas et al., 1981). A 14 kilobase (kb) region of Sym plasmid DNA was found to be 
sufficient to allow a Sym plasmid-cured strain of Rlt to nodulate white and sub clover, 
albeit ineffectively as the 14.0 kb region did not contain the nif genes required for 
nitrogen fixation (Schofield et al., 1984). It was subsequently shown by sequencing and 
mutagenesis that the region contained the nodABCD and nodFE genes. These genes are 
organised into three operons: nodABC, nodD, and nodFE (Djordjevic et al., 1985; Innes et 
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al., 1985; Schofield and Watson, 1986). These six genes, along with the nodIJ genes 
described by (Evans and Downie, 1986), constitute the core nod genes present in most 
rhizobia. 
1.6.2.2 The nod genes and Nod factors of Rlt 
The following sections detail the known Rlt nod genes and their role in NF biosynthesis 
and modification. 
NFs consist of a chitin oligosaccharide backbone that is made up of β-1,4-linked N-
acetyl-D-glucosamine (GLcNAc), as well as a fatty acyl group attached to the nitrogen on 
the non-reducing end. There are four main ways in which NF can vary between strains: 
1) the number of N-acetyl glucosamine units that make up the oligosaccharide backbone, 
which typically ranges from 2 – 6; 2) the different substituents, or decorations (such as 
acylation, carbamoylation, fucosylation, and sulfation), on one or both saccharides at the 
non-reducing and reducing ends; 3) the nature of the common fatty acid group; and 4) 
the presence of special α,β-unsaturated fatty acid groups, which a few strains produce 
(Spaink, 2000). There is a wide range of nod genes, with more than 50 identified. Each 
rhizobial species and symbiovar contains a different combination, and many of them 
have known roles in symbiosis. 
The known nod genes responsible for the production of NF in Rlt are listed in Table 1.1, 
and their organisation on the symbiotic plasmid is shown in Figure 1.3A. Numerous 
studies focussed on elucidating the specific structure of Rlt strain ANU843 NF, and 
determined the various decorations and fatty acid moieties that are attached 
(Orgambide et al., 1995; Spaink et al., 1995; van der Drift et al., 1996; Spaink, 2000). A 
number of different analytical techniques including various kinds of mass spectrometry 
(MS) demonstrated that a mixture of LCOs with varying properties, rather than one 
particular type, are produced by a single Rhizobium. An example of the structure of an 
Rlt NF is presented in Figure 1.3  
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Table 1.1 The identified Rlt nod genes and their corresponding protein function. 
Gene Function of gene product Reference 
nodA Chitin oligosaccharide acyltransferase (Atkinson et al., 1994) 
nodB Chitin oligosaccharide deacetylase (John et al., 1993) 
nodC Chitin oligosaccharide synthase (Geremia et al., 1994) 
nodD Regulator (Spaink et al., 1987) 
nodE β-ketoacyl synthase (Spaink et al., 1989b) 
nodF Acyl carrier protein (Shearman et al., 1986) 
nodI Transporter of Nod factors (Evans and Downie, 1986) 
nodJ Transporter of Nod factors (Evans and Downie, 1986) 
nodL O-acetyl transferase (Schlaman et al., 2006) 
nodM Glucosamine synthase (Baev et al., 1991) 
nodN - (Baev et al., 1992) 
nodR - (Schlaman et al., 2006) 
nodT Outer membrane protein (Surin et al., 1990) 








Figure 1.3 The nod genes and NF of Rlt.  A) Genetic organisation of nod genes in Rlt TA1. Black 
arrows indicate the position and orientation of the nod genes which are shown to scale; numbers 
below indicate the position on the TA1 Rleg7DRAFT_RLF.2 scaffold present on the Integrated 
Microbial Genomes (IMG) database; red arrows indicate the positions of nod-boxes. B) General 
structure of Rlt NF including the influence of the individual nod gene products on biosynthesis 
and modification of Rlt NF. NodD and NodR are excluded as NodD is the NF biosynthesis 
regulator, and NodR has not been well defined in the literature. The NFs contain 3 – 5 GLcNAc 
residues, with an O-acetyl group attached to the non-reducing end. There is a wide assortment of 
different fatty acyl moieties incorporated into Rlt LCOs. This NF illustration contains a C20:4 
fatty acid group attached as an example. n refers to the number of GLcNAc units (usually 1, 2 or 
3), R2 and R3 indicate the location for the presence or absence of an acyl group (Spaink, 2000).  
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1.6.2.3 The nodABCIJ operon 
The operon nodABCIJ is necessary for the initiation of nodulation through the induction 
of root hair curling (Rossen et al., 1984). The nodABC genes are conserved across 
different rhizobial species leading to them to be considered the ‘common’ nod genes 
(Kondorosi et al., 1984) as experiments have shown that they are interchangeable 
between species, which indicated they play no role in host specificity (Török et al., 1984; 
Fisher et al., 1985). However, more in-depth analysis revealed that the so-called 
‘common’ nod genes do impart some host-specific effects. Heterologous copies of nodA 
between some species are unable to attach the nodFE-synthesised species-specific fatty 
acids (Debellé et al., 1996; Ritsema et al., 1996; Roche et al., 1996), and heterologous 
copies of nodC produce chitooligosaccharides of different length (Roche et al., 1996; 
Kamst et al., 1997).  
The nodABC genes are critical in the synthesis of the LCO-backbone structure, although a 
housekeeping orthologue of nodB can substitute for NodB function in some species 
(Rodpothong et al., 2009). NodC was shown to utilise UDP-N-acetyl glucosamine to 
produce chitooligosaccharides, and is the first enzyme in the pathway of LCO production 
(Geremia et al., 1994). During the synthesis of the carbohydrate backbone, NodB 
deacetylates the terminal non-reducing N-acetyl glucosamine of the 
chitooligosaccharide. Furthermore, it was demonstrated that NodB only deacetylates 
one N-acetyl glucosamine residue, at a specific site, giving rise to a free amino group at 
the non-reducing terminus (John et al., 1993). NodA acts as an N-acyltransferase and 
subsequently replaces the N-acyl group with the N-fatty acyl at the free amino group on 
the non-reducing residue of the oligosaccharide (Atkinson et al., 1994; Röhrig et al., 
1994) (Figure 1.3). NodA also confers a degree of host specificity. Bradyrhizobium nodA 
complementing a Rlv nodA mutant was incapable of transferring the Rlv nodFE-mediated 
unsaturated fatty acids to the chitiooligosaccharide backbone (Ritsema et al., 1996). 
Similarly, R. tropici and S. meliloti nodA alleles were not functionally interchangable. R. 
tropici NodA was unable to transfer the poly unsaturated fatty acids to LCOs to allow 
optimal nodulation of alfalfa (Debellé et al., 1996; Roche et al., 1996).  
Specificity was also observed for nodC; the R. tropici nodC allele primarily produces 
pentameric chitooligosaccharides, whereas S. meliloti primarily produces tetrameric 
chitooligosacharrides. Nodulation of afalfa is more efficeint with tetrameric NF, 
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implicating a role for nodC in host specificity (Roche et al., 1996). nodI and nodJ are also 
present in all nod gene-containing rhizobia, and they are commonly organised into a 
transcriptional unit with nodABC. Both genes share homology with genes involved in 
ATP-dependent polysaccharide secretion. This, along with the genetic organisation with 
nodABC, implicate nodI and nodJ as being responsible for secretion of LCOs. In both Rlv 
and Rlt, evidence supports this implication, as nodI and nodJ significantly enhance 
secretion of NF, and are required for wild-type levels of secretion. However, NF is still 
secreted at low levels in nodIJ mutants, indicating some level of redundancy (Mergaert et 
al., 1997).  
The nodT gene was identified immediately downstream of nodIJ during sequencing of 
Rlt. A closely-related homologue exists in Rlv, however in this biovar it is found 
downstream of nodMN. The predicted protein sequence shows characteristics typical for 
transit peptides, suggesting it is secreted through the bacterial inner membrane. 
Mutations in nodT failed to impact nodulation in either strain, and the authors suggest 
other nod genes may be compensating for the lack of nodT expression (Surin et al., 
1990). 
Futher study investigated NodT by constructing a nodT-phoA fusion. It was shown that 
NodT is likely an outer membrane protein as cellular fractionation indicated that the 
fusion was located in the outer membrane. NodT activity was assayed using a phoA 
fusion that lacks an N-terminal signal peptide. PhoA activity is only detectable in cells 
once it has translocated the inner membrane. Using the nodT-phoA fusion they showed 
that it was able to translocate PhoA across the inner membrane. It is suggested that 
NodT may form a transport complex with NodI and NodJ to secrete NF (Rivilla et al., 
1995). 
1.6.2.4 The nodFERL operon 
NFs are highly variable between strains and species of rhizobia, and contribute to host-
range determination (Downie et al., 1983; Djordjevic et al., 1985; Djordjevic et al., 1986). 
There are both allelic and non-allelic differences in nod genotype which contribute to NF 
diversity. Non-allelic variation results from the combination of genes encoding enzymes 
synthesising LCO precursors, and transferases that use them; examples including: nodH, 
nodPQ, nodL, nodS, nodZ, noeK, nolK, and nodFE (Mergaert et al., 1997). Many of the 
aforementioned genes are not present in Rlt or Rlv, but two very important NF host-
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range determinants are the nodFE genes required for synthesis of polyunsaturated fatty 
acids (Figure 1.3).  
LCOs containing the NodF/NodE-derived polyunsaturated fatty acids are made by 
rhizobial species, such as Rlt, Rlv and S. meliloti, that enter symbiosis with legumes that 
form indeterminate nodules (section 1.7.2.2). The nodFE genes are part of the nodFERL 
operon that is downstream of a conserved nod-box sequence (Schlaman et al., 1998). 
The NodE protein is homologous to β-ketoacyl synthases and forms a fatty acid 
biosynthetic complex with the NodF protein that is an acyl carrier (Shearman et al., 
1986; Mergaert et al., 1997). The main difference in host-specific characteristics 
between R. leguminosarum biovars is conferred by allelic variation in nodE (Spaink et al., 
1989b). This was shown when a Rlt nodE mutant, complemented with Rlv nodE, gained 
the ability to efficiently nodulate Rlv hosts, but not Rlt hosts (Spaink et al., 1989b Spaink 
1991). In Rlv, the nodE-mediated highly unsaturated acyl group C18:4 is produced, 
which is not present in Rlt LCOs (Spaink et al., 1991). Compared with Rlv, Rlt produces a 
smaller proportion of LCOs containing nodE-dependent highly unsaturated fatty acyl 
groups relative to common LCOs (Spaink et al., 1995). The Rlt LCOs are produced as a 
mixture, containing fatty acyl groups that vary in chain length and unsaturation, 
containing 2, 3 and 4 double bonds. Some of the fatty acids are common to many NFs, for 
example: C16:0, C16:1, C18:0, C18:1, C18:2 and C20:1. However, there are also specific 
Rlt nodE-dependent highly unsaturated fatty acids, including: C18:3, C20:2, C20:3, and 
C20:4. Furthermore, these Rlt fatty acyl groups are more hydrophobic than the C18:4 
acyl group produced by Rlv (Orgambide et al., 1995; Spaink et al., 1995; van der Drift et 
al., 1996; Spaink, 2000).  
Despite the evidence for the host specificity conferred by nodFE, the precise impact on 
any given symbiotic relationship is complicated and appears to be dependent on both 
the rhizobial strain and host cultivar. Several Rlt strains deleted for nodE were severely 
impaired in nodulation on red clover, and nodulation was reduced by 75% on white 
clover (Spaink et al., 1989b). Yet this nodE mutant gained the ability to nodulate the Rlv 
host, pea, which was also shown by Djordjevic et al. (1985). Moreover, while Rlt nodFE 
mutants showed a specific deficiency in nodulation on white clover, sub clover 
nodulation was unaffected, further indicating the genes are involved in refining host-
range (Djordjevic et al., 1985; Djordjevic et al., 1986). 
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Downstream from nodFE, the third and fourth gene in this operon are nodR and nodL, 
respectively. The nodL gene product is responsible for substitution of one O-acetyl group 
on the non-reducing terminal residue at position C-6 (Downie, 1989; Bloemberg et al., 
1994) (Figure 1.3). Futhermore, NodL appears to have a preference for acetylating the 
NodBC intermediates before the N-acylation by NodA (Bloemberg et al., 1995b). In Rlv 
both nodE-dependent (N-acyl) and nodL-dependent (O-acetyl) substituents were shown 
to be essential for nodule meristem formation in vitro on Vicia sativa, by the addition of 
purified Nod metabolites to the roots, and inspection by microscopy (Spaink et al., 
1991). However, in S. meliloti the O-acetyl group was determined a non-essential 
decoration of NF for eliciting nodule formation (Truchet et al., 1991). This disparity 
between species indicates the O-acetyl group also provides a host-specific effect (Spaink 
et al., 1991). 
Investigation into the genetic requirements for the production of highly-unsaturated 
fatty acyl groups in Rlt NF found the intergenic region between nodE and nodL was 
essential (Schlaman et al., 2006). The region contained the putative gene nodR, which 
was present in only seven of 12 Rlt strains investigated, and to date, the function of nodR 
is less well defined then most other nod genes. Schlaman et al. (2006) found that a 
mutation downstream of nodE, in the region designated nodR, was responsible for a lack 
of highly unsaturated LCOs, specifically, C20:4. Unfortunately, the possibility of a polar 
effect due to the insertion in nodR could not be ruled out by complementation using a 
plasmid containing additional copies of the nodR region. However, complementation 
was achieved by introducing a plasmid containing the entire nodFERL operon. The 
authors suggested that a balance of transcriptional levels of nodFE and nodR is crucial 
for the presence of the highly unsaturated fatty acids. Due to a lack of homologous 
sequence within the National Centre for Biotechnology Information (NCBI) database, the 
authors could not determine a function for nodR, however they propose NodR may in 
fact be an alternative acyltransferase to NodA, given nodA also shares no known 
sequence homology in the NCBI database.  
1.6.2.5 The nodMNX operon 
The nodM, nodN, and nodX genes are found in an operon preceded by a conserved nod-
box sequence, downstream of nodFERL. NodM is responsible for the production of 
glucosamine-6-P, a precursor of UDP-GlcNAc which is the precursor required for the 
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production of the NF backbone residues. NodM is homologous to the E. coli glucosamine 
synthase gene glmS and nodM was able to complement an E. coli glmS mutant. Addition 
of exogenous glucosamine can suppress the delayed nodulation observed for a nodM 
mutant (Baev et al., 1992). NodN has not been studied in detail. It has been suggested to 
have a role in either the biosynthesis of substrates required for NF production, or 
alternatively, in NF secretion (Baev et al., 1991; Baev et al., 1992).  
The nodX gene was discovered in Rlv strain TOM and was required for the nodulation of 
Afghanistan peas (Davis et al., 1988). A homologue was discovered in Rlt and 
introduction of Rlt ANU843 nodX into Rlv strain 248 lacking nodX provided strain 248 
with the ability to nodulate Afghan peas (Ovtsyna et al., 1999). nodX encodes an 
acetyltransferase similar to NodL. NodX is involved in substitution of an acetyl group on 
C-6 of the reducing terminus (Firmin et al., 1993), opposite to where NodL asserts its 
affect. Another difference is that NodX appears to act as a temperature-dependent 
modifier of NF. Rlt TA1 could nodulate a particular cultivar of sub clover, Woogenellup, 
when incubated above 25°C yet nodulation was abolished below 22°C (Gibson, 1968; 
Lewis-Henderson and Djordjevic, 1991a; Lewis-Henderson and Djordjevic, 1991b). 
Interestingly, Rlv NodX produces a larger proportion of NodX-modified LCOs at 12°C 
compard with 28°C, indicating a temperature-sensitive mechanism as an environmental 
adaptation (Olsthoorn et al., 2000).  
1.6.3 Regulation of Nod factor biosynthesis 
The nodD gene is found in all rhizobia and NodD is responsible for the recognition of 
flavonoid inducers (Spaink, 2000). It is a regulatory gene that is transcribed divergently 
from the nodABC operon (Rossen et al., 1985). Some species carry up to five copies of 
nodD (van Rhijn and Vanderleyden, 1995), but R. leguminosarum is reported in the 
literature to contain one (Innes et al., 1985; Schlaman et al., 1992). NodD is a 
transcriptional activator, although it can also act as a repressor in Rlt and Rlv (Rossen et 
al., 1985). Transcriptional activation of the nod genes requires three components: the 
NodD protein, an inducer that is usually a flavonoid, and the cis-regulatory element 
upstream of nod genes known as the nod-box motif, where NodD binds (Rostas et al., 
1986; Hong et al., 1987; Goethals et al., 1992; Schlaman et al., 1992).  
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1.6.3.1 LysR-type transcriptional regulators (LTTRs) 
NodD is a member of the LysR-type transcriptional regulator (LTTR) family (Henikoff et 
al., 1988) and LTTRs constitute the largest group of transcriptional regulators in 
prokaryotes (Schell, 1993). They are responsible for regulation of a diverse range of 
genes and operons that perform a wide variety of functions (Maddocks and Oyston, 
2008). LTTRs are considered to be dual regulators, as most of them activate target genes 
in the presence of a co-inducer and also repress their own expression (Schell, 1993; Hu 
et al., 2000). They possess an N-terminal DNA-binding domain (DBD), and C-terminal 
regulatory domain (Schell, 1993). Several features of NodD are common to LTTRs: a 
highly conserved N-terminus helix-turn-helix (HTH) motif, a 300 – 350 amino acid 
length, binding to long DNA regions (50 – 60 bp), and a requirement for a low molecular 
weight ligand (Kobayashi and Broughton, 2008). Regardless of their 
activating/repressing activity, the HTH motif is always located in the N-terminus 
between amino acids 20 – 80 (Maddocks and Oyston, 2008). 
The first full-length crystal structure of a LTTR, CbnR from Ralstonia eutropha, provided 
insights into the structure and conformation of LTTRs (Muraoka et al., 2003). CbnR 
forms a tetramer that consists of four identical subunits of two different conformations, 
therefore functioning as a dimer of dimers. CbnR also contains the conserved winged 
HTH DBD, a linker helix (LH), and two regulatory domains, I and II (RDI and RDII) 
(Figure 1.4B) (Muraoka et al., 2003; Maddocks and Oyston, 2008). The N-terminal DBDs 
of CbnR are configured at the bottom of the tetramer in a linear arrangement and bind a 
large region of DNA containing a recognition binding site (RBS) and activator binding 
site (ABS) (Figure 1.4C). It binds as a V-shaped tetramer, made up of a dimer of dimers, 
and inducer interaction modulates the degree of bending (Muraoka et al., 2003; 
Kobayashi and Broughton, 2008; Maddocks and Oyston, 2008). 
Attempts have been made to determine the functional regions of NodD, but mutation 
studies have revealed separating NodD into discrete domains to be complex (Spaink et 
al., 1989c). Furthermore, purified NodD has yet to be obtained due to co-purification of 
the chaperone GroEL (Peck et al., 2013). However, despite low sequence homology 




Figure 1.4 Interaction between LysR type transcriptional regulator (LTTR) and the target 
promoter.  A) Binding motif of a LysR-type transcriptional regulator NodD: consensus sequence 
of the NodD-binding motif or nod-box (van Rhijn and Vanderleyden, 1995). Location of the P-
half and D-half are indicated above (Feng et al., 2003); * indicates the LysR motif. + indicates the 
inverted repeats required for primary binding of NodD-tetramer. – indicates the protected 
sequences in DNaseI footprints (Fisher and Long, 1993). B) Schematic model of the LTTR 
monomer in two distinct conformations (Muraoka et al., 2003). Arrows indicate location of 
hinges. In the compact form (shown in grey), the angle between the linker helix and the 
regulatory domain is approximately 50 degrees, while the corresponding angle is approximately 
130 degrees in the extended form (shown in white). C) Model of the LTTR tetramer complexed 
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to bent DNA. Target DNA is represented as a dotted line. The DNase I hypersensitive site is 
indicated by an open arrowhead. Closed arrowheads indicate the location of primary binding 
site of the LTTR tetramer. Reproduced with permission from Kobayashi and Broughton (2008). 
 
This has enabled predictions on the structure of NodD using computer based modelling, 
to guide future studies into the overall structure and function of NodD (Peck et al., 
2013).  
1.6.3.2 The nod-box  
Each nod gene operon is preceded by a conserved cis-acting regulatory element known 
as a nod-box, one of the two highly conserved DNA elements found within inducible nod 
promoters. It consists of a 47-bp conserved motif (Rostas et al., 1986) containing two 
copies of the palindrome ATC-N9-GAT (termed the nodD-box), which along with a LysR 
motif, T-N11-A, is the primary binding target of NodD (Figure 1.4A) (Goethals et al., 
1992). The nod-box is proposed to consist of two distinct halves, the distal (D) and 
proximal (P) halves, each containing the nodD-box, which is crucial for NodD binding 
(Feng et al., 2003) (Figure 1.4A). NodD binds these two inverted half-sites, located on 
the same face of the nod-box DNA helix, and protects them from DNase I degradation 
(Fisher and Long, 1993). Like CbnR, NodD is proposed to form a V-shaped tetramer 
made up of a dimer of NodD dimers (Figure 1.4C). Each dimer binds one of the inverted 
half-sites and bends the nod-box (Fisher and Long, 1993; Feng et al., 2003). The degree 
of bending, modulated upon interaction with a flavonoid inducer, can affect the 
transcriptional regulation of inducible nod genes (Chen et al., 2005). 
1.6.3.3 Autoregulation by NodD 
The promoter regions of the divergently transcribed nodD and nodABC genes overlap 
(Rossen et al., 1985). Using a nodD-lacZ translational fusion in a Sym plasmid-cured R. 
leguminosarum strain, the nodD promoter was shown to be constitutively expressed, 
and NodD repression required a functional copy of nodD (Rossen et al., 1985). 
Therefore, the regulation of both nodA and nodD is under the control of NodD, which 
only becomes an activator in the presence of plant root exudate (Rossen et al., 1985).  
A -35/-10 consensus sequence within the nodD promoter of Rlv was recognised by a 91 
kilodalton (kDA) subunit of RNA polymerase (RNAP), homologous to σ70 of E. coli. 
Transcription of nodD by RNAP is blocked by NodD binding the nodA-nodD region, which 
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overlaps the RNAP binding site, resulting in negative autoregulation (Hu et al., 2000). 
Specifically, an intact D-half (Figure 1.4A) is required for NodD mediated transcriptional 
repression of the nodA promoter. The P-half contains an intrinsic region that can be 
partially activated by NodD in the absence of inducer when the D-half is mutated (Feng 
et al., 2003). 
The conserved motifs are crucial for co-inducer transcriptional activation of the nod 
promoters, and deletions in these regions result in a loss of promoter activity (Spaink et 
al., 1987; Fisher and Long, 1993). Mutations in the LysR motif of the Rlv nodF promoter 
confirmed the lack of transcriptional activation with the addition of co-inducer, yet gel 
electrophoresis retardation assays revealed no impact on NodD binding the mutated 
nodF promoter (Okker et al., 2001). This is unsurprising as NodD binding of the nod-box 
does not require the presence of an inducer molecule (Hong et al., 1987; Fisher et al., 
1988). 
1.6.3.4 Interaction of NodD with the flavonoid inducers 
NodD is highly conserved in rhizobia, therefore it was initially considered a ‘common’ 
nod gene, until it was demonstrated to be an important determinant of host specificity at 
the regulation level (Horvath et al., 1987). In otherwise isogenic strains, substitutions 
with heterologous nodD genes from different Rhizobium species produced varied 
responses to flavonoids, which in some instances were host-specific (Spaink et al., 
1987). 
The crystal structures of NodD have not yet been resolved, and the direct binding of 
flavonoids to NodD has never been shown (Kelly et al., 2018). However, indirect 
evidence strongly indicates that NodD binds flavonoids. Point mutations in nodD 
revealed altered responses to flavonoid inducers (Burn et al., 1987; Burn et al., 1989; 
McIver et al., 1989). Furthermore, transfer of NodD from one species of rhizobium to 
another conferred species-specific responses to plant inducers, indicating a direct 
interaction between the inducers and NodD (Horvath et al., 1987; Spaink et al., 1987).  
In Rlv, NodD is considered an amphipathic cytoplasmic membrane protein which inserts 
into the inner monolayer (Schlaman et al., 1989). NodD is believed to localise to the 
cytoplasmic membrane to facilitate binding to flavonoids, as flavonoids have also been 
shown to localise to this part of the cell (Recourt et al., 1989; Hubac et al., 1993). In S. 
meliloti, NodD was identified primarily in the cytosol, yet migrated towards the 
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cytoplasmic membrane in the presence of inducer (Kondorosi et al., 1989). Other 
proteins with reversible membrane association have been described as amphitropic, and 
Schlaman et al. (1992) suggest this is likely the same for NodD. 
1.6.3.5 Functional regions of NodD 
A study using nodD hybrid constructs from S. meliloti and Rlt revealed several regions of 
NodD that are important for autoregulation as well as flavonoid activation (Spaink et al., 
1989a). The co-inducer binding domain is located at the C-terminus and shows 
relatively little amino acid conservation across LTTRs. The region spanning residues 95 
through to 210 has been identified as containing the co-inducer binding cleft of LTTRs 
(Burn et al., 1989; Maddocks and Oyston, 2008), with residues in the C-terminus, 
including amino acids 95, 123, and 153 required specifically for co-inducer 
binding/response by NodD (McIver et al., 1989). Mutations at these residues resulted in 
a flavonoid-independent transcriptional activation (FITA) phenotype. A region between 
amino acids 85 and 96 has been reported to be a hinge in NodD (Hou et al., 2009), and 
insertions within this region resulted in constitutive activation of nodA.  
Despite numerous attempts, NodD cannot be separated easily into two distinct 
functional regions and appears to have regions involved in multiple functions. In S. 
meliloti and Rlt, hybrid NodD proteins revealed auto-regulation was affected by two 
regions: from amino acid 90 – 118 and from 131 to the C-terminus. Furthermore, several 
regions were important for flavonoid specificity: amino acids 90 -118, 132 -270, and in 
the N-terminal region, a region spanning from amino acids 41 to 62 (Spaink et al., 
1989c).  
1.6.3.6 NodD in other species 
In rhizobial species containing more than one nodD, regulation is complex, and 
nodulation is not abolished by single null mutations in any nodD copy, as is reported for 
R. leguminosarum (van Rhijn and Vanderleyden, 1995). For instance, S. meliloti contains 
three copies: nodD1, nodD2, and nodD3 (Göttfert et al., 1986; Honma and Ausubel, 1987). 
The products of nodD3 and syrM, another LysR regulator, are involved in responses to 
different plant signals than NodD1 and NodD2 (Demont et al., 1994).  
In Bradyrhizobium japonicum two copies of NodD exist that provide significantly 
different functions (Appelbaum et al., 1988). NodD1 is a positive transcriptional 
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regulator that responds to plant signals, while NodD2 is a nod gene repressor (Loh and 
Stacey, 2003). Regulation is further complicated in B. japonicum by the presence of a two 
component regulatory system encoded by nodVW, which provides an additional 
pathway for the activation of nod gene expression (Göttfert et al., 1990). NodVW 
provides B. japonicum with the ability to nodulate siratro, mung bean and cowpea 
(Göttfert et al., 1990; Sanjuan et al., 1994), but is not required for nodulation of soybean. 
These additional nod genes provide B. japonicum with the ability to nodulate a wider 
range of hosts, similar to what is observed in other species containing multiple copies of 
nodD. 
In R. tropici CIAT899, a strain known for its broad host-range, five copies of nodD have 
been identified (Van Rhijn et al., 1993). Single nodD mutants revealed that on some hosts 
(Leucaena leucocephala and Lotus burttii) one copy of nodD is adequate for efficient 
nodulation, whereas regulation is far more complex on other hosts (Lotus japonicus), 
where four of the five copies of nodD are required (del Cerro et al., 2015). It is believed 
this multiplication of nodD genes in some species has arisen to allow production of a 
wide variety of different NFs in response to an extended range of hosts.  
However, the role of nodD2 is variable between species. Sinorhizobium fredii NGR234 
has a very broad host-range comprising 112 genera (Pueppke and Broughton, 1999). 
NodD2 in this species has a role in repressing nod gene expression to maintain tight 
regulation of NF biosynthesis (Fellay et al., 1998), and nodD1 is necessary for initiating 
nodulation (Relic et al., 1993).  
1.6.3.7 Negative regulation of nod gene expression 
In addition to positive regulation by syrM and the three copies of nodD, the S. meliloti 
nod genes are also subject to negative regulation by the repressor, NolR (Kondorosi et 
al., 1989). 
S. meliloti nolR is located on the chromosome and encodes a 13-kDa protein. NolR 
contains a HTH DNA binding domain that recognises the non-palindromic consensus 
sequence (A/T)TTAG-N(9)-A(T/A) (Kondorosi et al., 1991; Cren et al., 1995). Through 
homology, it has been linked with several different regulatory proteins, the majority of 
which are negative regulators. However, NolR was found to be most similar to the 
transcriptional activator, HlyU (67%). Homologous sequence is primarily observed in 
the central part of the protein with variation at the N- and C-terminal ends. 
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Furthermore, they are all similarly sized small proteins containing a HTH DNA binding 
domain in a similar region. Aside from HlyU, the proteins are repressors of heavy metal 
resistance operons which suggests nolR is a member of the ArsR family of 
metalloregulatory proteins (Kiss et al., 1998). However, these proteins typically contain 
histidine and cysteine residues that are involved in metal binding. These residues are 
noticeably absent in NolR and HlyU, indicating that their function is independent of 
heavy metals.  
NolR differentially regulates the nod genes in S. meliloti, downregulating the ‘common’ 
nod genes, but not the host-specific nod genes. The result is a restriction of the core NF 
genes, meaning less NF overall, but a larger proportion containing the decorations 
encoded by the host-specific genes. Together the effects of NolR enhance nodulation by 
S. meliloti on Medicago sativa (Cren et al., 1995). NolR has been extensively studied in S. 
meliloti but appears it may also exist in other rhizobial species (Kiss et al., 1998). 
1.7 Infection and nodule organogenesis 
This section will briefly describe the plant perception and downstream signalling 
cascade initiated following exposure to NF that results in nodule organogenesis and 
infection. The signalling pathway required for nodulation by bacteria shares some 
components that are required for the much older arbuscular mycorrhizal (AM) 
symbiosis, indicating that the bacterial pathway has evolved in legumes from the ancient 
AM pathway to allow symbiosis with rhizobia (Parniske, 2008; Downie, 2010). 
1.7.1  Nod factor reception 
NF functions in plant signalling at very low concentrations of 10-12 – 10-9 M (Oldroyd et 
al., 2001c). In order for NF to have an effect, it must first be perceived by the plant. For 
the model legume Lotus japonicus, perception of NF occurs through several receptor-like 
kinases. Two of the proteins are members of the serine/threonine kinase family, 
encoded by Nod factor receptor 1 (NFR1) (Radutoiu et al., 2003) and NFR5 (Madsen et 
al., 2003; Radutoiu et al., 2003). They contain three N-acetylglucosamine–binding lysin 
motifs (LysM) located in the extracellular domain, and binding of NF results in 
autophosphorylation of the intracellular kinase domain, and subsequent signal 
transduction (Radutoiu et al., 2003; Oldroyd and Downie, 2008). Mutation of both NFR1 
and NFR5 results in total symbiotic impairment and they have been shown to interact in 
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planta (Madsen et al., 2011), Furthermore, direct binding of NFR1 and NFR5 to NF has 
been demonstrated (Broghammer et al., 2012). A third receptor-like kinase, symbiosis 
receptor-like kinase (SYMRK), which contains a leucine-rich-repeat (LRR) extracellular 
domain (Stracke et al., 2002) is believed to act as a co-receptor with the LysM receptor 
complex, however the exact function of SYMRK is yet to be defined (Oldroyd, 2013).  
The NF receptors also provide host specificity. The nfr1 and nfr5 genes of L. japonicus 
were introduced into Medicago truncatula and Lotus filicaulis which converted these 
species from non-hosts to hosts of the L. japonicus symbiont strains, M. loti and DZL, 
respectively (Radutoiu et al., 2007). 
1.7.1.1 Nod factor signalling transduction 
Recognition of NF by the NF-receptor causes calcium oscillations (Ca-spiking) to occur in 
the nucleus of the plant cells (Ehrhardt et al., 1996), via an as yet unknown signal. 
Calcium oscillations are perceived by the calcium and calmodulin dependent protein 
kinase (CCaMK) (Lévy et al., 2004). The upstream functions in signalling are redundant 
following activation of CCaMK, indicating that activation of this protein is the only 
purpose of the calcium oscillations (Oldroyd, 2013). CCaMK then associates with a 
protein called CYCLOPS, which is phosphorylated by CCaMK (Messinese et al., 2007; 
Yano et al., 2008), and phosphorylated CYCLOPS functions as a DNA-binding 
transcriptional activator (Singh et al., 2014). Downstream of CYCLOPS/CCaMK there are 
several other transcription factors involved in NF-induced expression (Oldroyd et al., 
2011). Nodulation signalling pathway 1 (NSP1) and NSP2 are two GRAS domain 
transcriptional regulators which form a heterocomplex that associates with the 
promoters of early nodulation (ENOD) genes (Hirsch et al., 2009). This complex is 
involved in expression of the nodulation specific transcription factors, nodule inception 
(NIN) and ERF required for nodulation 1 (ERN1) (Marsh et al., 2007; Middleton et al., 
2007), required for infection and nodule organogenesis.  
1.7.1.2 The role of polysaccharides 
Aside from NF, other bacterial carbohydrates are involved in the rhizobium-legume 
symbiosis. Exopolysaccharides (EPS), capsular polysaccharides (KPS), 
lipopolysaccharides (LPS) and cellulose may all play a role.  
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Attachment in R. leguminosarum is a two-step process: step one involves Ca2+-dependent 
weak binding mediated by a protein called rhicadhesin. Step two requires the 
production of cellulose fibrils that result in tight binding. The synthesis of cellulose 
fibrils results in a biofilm cap on the root tips (Smit et al., 1986; Smit et al., 1987; Smit et 
al., 1989). However, Tn5 mutants deficient in fibril production still formed nitrogen-
fixing nodules in the absence of a root cap, indicating the cap is not necessary for 
nodulation (Smit et al., 1987).  
EPSs are extracellular products that accumulate at the cell surface. They are responsible 
for the mucoid colony phenotype observed when rhizobia are grown on media 
containing sugars. EPS provides several non-specific functions to rhizobia, including 
protection against environmental stress as well as attachment to surfaces, such as roots 
(Fraysse et al., 2003). EPS also plays a significant role in symbiosis, although functional 
redundancy of EPS genes complicates the determination of specific roles. EPS is present 
in most rhizobia, and to date the most well studied is the EPS of S. meliloti which 
produces two classes: EPS I and EPS II, also known as succinoglycan and galactoglucan, 
respectively (Spaink, 2000). It has been shown that either succinoglycan or 
galactoglucan is sufficient for nodulation of alfalfa by S. meliloti, however succinoglycan 
is much more efficient (Pellock et al., 2000). The structure of EPS of R. leguminosarum 
has also been determined, and is similar to EPS I of S. meliloti. Both Rlt and Rlv share the 
same repeating octasaccharide backbone consisting of glucose, glucuronic acid and 
galactose in a molar ratio of 5:2:1 (Robertsen et al., 1981; Skorupska et al., 2006).  
Beyond EPS, other polysaccharides are involved in symbiosis. LPS provides protection of 
the rhizobia from the plant defence response, e.g. against reactive oxygen species (ROS) 
(Downie 2010). Furthermore, it appears to have a role in the later stages of invasion, 
helping with release from ITs and also in symbiosome formation (Fraysse et al., 2003). 
KPS appears to similarly play a role in protection against legume defence. Additionally, 
in S. meliloti strains lacking both EPSI and EPSII biosynthetic pathways, KPS can 
compensate for the lack of these polysaccharides and allows these strains to retain the 
ability to nodulate alfalfa (Pellock et al., 2000; Spaink, 2000; Downie, 2010).  
Because IT formation grants entry of the bacteria into the host, the initial signalling is an 
important check point, as allowing an inefficient or pathogenic organism access could be 
severely detrimental to the plant. Recently it was shown that EPS includes a structural 
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specificity, as an altered-structure EPS produced by M. loti resulted in inhibited 
nodulation of the host L. japonicus. The receptor EPR3, which is produced in response to 
NF, recognises whether the invading organism produces the appropriate or 
inappropriate EPS, providing an extra compatibility measure for infection (Kawaharada 
et al., 2015). 
1.7.2 Infection thread and symbiosome formation 
Following the attachment of rhizobia to the root hair and subsequent NF-mediated 
signalling, a proportion of the root hairs will curl back on themselves, forming what is 
known as a ‘shepherds crook’ where the attached rhizobia excrete NF which alters the 
direction of the root tip growth resulting in the rhizobia becoming entrapped (Esseling 
et al., 2003) (Figure 1.5).  
 
Figure 1.5 Nodulation involves the coordinated development of bacterial infection and 
nodule organogenesis.  Cell division (indicated with dotted lines) in the inner or mid-cortex 
and pericycle is initiated early in the interaction between the root and rhizobia and precedes the 
initiation of infection events. Bacteria are entrapped in a curled root hair, and from this site 
infection threads (ITs) are initiated. The route of the IT is predicted by pre-infection threads that 
are densely cytoplasmic subdomains with aligned cytoskeleton. ITs progress into the inner 
cortex where the nodule primordium has formed through a series of cell divisions. From these 





The entrapped rhizobia induce plant-mediated degradation of the plant cell wall (Xie et 
al., 2012) and grow down through the root hair inside an IT (Figure 1.6A & B). ITs are 
tubular structures lined with the plant membrane and cell wall, that move down into the 
root cortex and follow the pathway of the pre-infection thread (PIT) (Murray, 2011; Xie 
et al., 2012). As the IT extends, the rhizobia divide at the apex with the bacterial cells 
arranged longitudinally along the IT structure, usually no more than a few cells wide 
(Brewin, 2004). The IT delivers the rhizobia down into the actively growing root cells in 
the inner cortex (Figure 1.6C & D). The rhizobia are released from the IT and come into 
contact with the host cell plasma membrane, where the bacteria are endocytosed in the 
cytoplasmic compartment. The cells become enclosed in the plant membrane envelope 
(the peribacteroid membrane) resulting in the organelle-like structure called the 











Figure 1.6 Two examples of IT formation by Rlt TA1 on the roots of white clover.  For each 
example, the same field is displayed twice using different filters to distinguish the roots hair and 
root cells as well as the gfp-expressing bacteria. A) Brightfield image of T. repens root hairs 
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extending from the tap root. B) Same field of view as A) with Rlt strain TA1 viewed under UV 
light showing the formation of an IT extending down into the epidermis. C) Brightfield image of 
T. repens root hairs and root cells D) Same field of view as C) viewed under UV light showing Rlt 
strain TA1 present inside a root cell of T. repens, following infection and release from the IT.  
1.7.2.1 Other forms of entry 
There is a second method of infection, called lateral root base (LRB) nodulation, or 
‘crack entry’. This infection (intercellular infection) of legumes by rhizobia usually 
occurs in semi-aquatic tropical legumes, and still relies on NF (Goormachtig et al., 2004), 
although NF-independent ‘crack entry’ does occur in some species (Oldroyd and Downie, 
2008). A well known example of ‘crack entry’ occurs on the legume Sesbania rostrata 
(Goormachtig et al., 2004). During LRB infection, rhizobia colonize the gap between 
cortical cells caused by fissures in the epidermis and proliferating bacteria form 
infection pockets (D'Haeze et al., 2003). These infection pockets give rise to intercellular 
IT formation, which then become intracellular ITs that deliver the rhizobia to the nodule 
primordia (Goormachtig et al., 2004).  
1.7.2.2 Nodule structure 
There are two types of nodule structure formed on legumes following successful 
infection by rhizobia. They are indeterminate (Figure 1.7A) and determinate (Figure 
1.7B) nodules, and the host legume determines which type is formed. Trifolium sp, 
Medicago sativa, M. truncatula, Pisum sativum and Vicia species have generally been 
used for the study of indeterminate nodules. Determinate nodules are typically from 
tropical origins and include L. japonicus, Glycine max, and Vicia faba (Gage, 2004).  
The main difference between determinate and indeterminate nodules is the presence of 
a persistent meristem in indeterminate nodules, giving rise to the cylindrical shape 
(Figure 1.7A), whereas the determinate nodules lack this persistent meristem and 
therefore remain spherical (Figure 1.7B). For indeterminate nodules, there is a 
developmental gradient giving rise to distinct zones within the nodule. Continuous 
infection occurs in zone II below the meristematic cells, and renews the N-fixing cell 
pool. This requires a balance between infection rate and meristem division rate, and as 
the older cells lose activity, they senesce in the proximal region (zone IV), termed the 
senescence zone. This developmental gradient is absent in determinate nodules, where 
plant cell number in the nodule does not change over time. The increase in determinate 
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nodule size is instead due to the division of bacteria, with the infected cells enlarging 





Figure 1.7 Indeterminate and determinate nodule structure.  A) Indeterminate nodule: 
meristematic activity is initiated in the inner root cortex and is persistent. Nodule development 
is due to continual invasion of newly-divided cells by rhizobia exiting ITs, resulting in a 
developmental gradient within the nodule (I – meristem, II – infection zone, III – nitrogen-fixing 
zone, IV – senescent zone). NC – nodule cortex, NE – nodule endodermis, NP – nodule 
parenchyma, and VB – vascular bundle. B) Determinate nodule: meristematic activity is initiated 
in the outer cortex and is temporary. Continued division of bacteria in infected cells is 
responsible for nodule development (NF – nitrogen fixing zone, S – senescent zone). Adapted 
from http://commons.wikimedia.org/wiki/File:Determinate_Nodule_Zones_Diagram.svg and  
http://commons.wikimedia.org/wiki/File:Indeterminate_Nodule_Zones_Diagram.svg. 
 
1.8 Genetics of nitrogen fixation 
Nitrogen fixation is the process of converting atmospheric nitrogen into ammonia as 
described in section 1.2.  
1.8.1  The nif and fix genes 
The BNF performed by rhizobia requires genes encoded by the nif and fix operons; in Rlt, 
these genes exist on symbiotic plasmids. The nod gene cluster is located in close 
proximity to the nif/fix gene cluster, separated by approximately 3.5 kb and all 
contained within a ~ 24 kb region on pSym (Iismaa et al., 1989). In general, the nif genes 
are those required for the conversion of N2 to NH3 by both free-living diazotrophs and 
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rhizobia, whereas the fix genes are important in symbiosis but are not found in free-
living diazotrophs (Terpolilli et al., 2012).  
All diazotrophs possess the molybdenum-iron nitrogenase system, although some also 
contain alternative nitrogenases with vanadium-iron and iron-iron cofactors (Dixon and 
Kahn, 2004; Rubio and Ludden, 2008). The molybdenum-nitrogenase complex is 
encoded by the nifH and nifDK genes and this complex is responsible for catalysing the 
reduction of N2 to NH3 (Terpolilli et al., 2012) with the following stoichiometry under 
optimal conditions:  
N2 + 8 e– + 8 H+ + 16 MgATP → 2 NH3 + H2 + 16 MgADPi + 16Pi (Dixon and Kahn, 2004). 
Given there is a high energy cost and the nitrogenase is oxygen sensitive, regulation of 
nitrogen fixation is tightly controlled. In rhizobia, the main determinant governing the 
regulation of nitrogen fixation is oxygen concentration. There is a physiological paradox 
that occurs due to the requirement of the bacteroid for oxygen, and the simultaneous 
oxygen sensitivity of nitrogenase. The inner cortex surrounding infected cells contains a 
barrier to oxygen diffusion, minimising oxygen concentration at the bacteroids (Hunt 
and Layzell, 1993). Leghaemoglobin is a nodule-specific protein (nodulin) that 
reversibly binds oxygen and provides the bacteroid with a high rate of oxygen, without 
allowing an increase in free oxygen concentration, therefore helping maintain a low 
level of free oxygen within the nodule (Singh and Varma, 2017). In S. meliloti the 
regulation of nitrogen fixation has been studied in detail. The oxygen-sensitive two-
component FixL-FixJ system is responsible for regulation of nifA and the fix genes. FixL is 
a sensor histidine kinase containing a haem prosthetic group and FixJ is the cytoplasmic 
regulator (Gilles-Gonzalez et al., 1991). Under conditions of low oxygen, FixL 
autophosphorylates and transfers the phosphoryl group to FixJ. Upon phosphorylation, 
FixJ activates expression of nifA and the fix genes. The nif genes are subject to 
transcriptional activation by nifA which is an enhancer-binding protein (EBP), and is co-
dependent on the RNA polymerase sigma factor RpoN (σ54) (Dixon and Kahn, 2004).  
1.9 The rhizosphere 
The rhizosphere, the area of soil influenced by the roots of a plant, is an incredibly 
complex environment where plants excrete a range of compounds, and interact with a 
variety of organisms. These compounds, known as rhizodeposits, include carbon, root 
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exudates and sloughed off cells. Root exudates are released mainly at root apices and 
attract motile bacteria (Dennis et al., 2010). The beneficial plant-microbe interactions 
that occur in the rhizosphere can occur either directly, or indirectly by protecting plants 
from pathogens. These organisms have a dramatic effect on plant growth and are 
referred to as plant-growth promoting rhizobacteria (PGPR) (Lugtenberg and Kamilova, 
2009). The rhizosphere is considered to contain a high concentration of bacteria (10 to 
1000-fold higher than that of bulk soil) which is sustained by the plant exuding 
approximately 11% of its fixed carbon through the roots (Jones et al., 2009). PGPR have 
been the focus of in-depth study due to the dramatic effect they can have on crop yields. 
1.9.1 Competition in the rhizosphere 
Competition is fierce in the rhizosphere, as microorganisms compete for root 
colonisation and nodule occupancy on their host. Competition has particular relevance 
to agriculture, as added inoculum strains face significant competition with indigenous 
populations, termed ‘the competition problem’ (Triplett and Sadowsky, 1992).  
The competition for nodulation is extremely complicated, depending on many abiotic 
parameters and biotic factors of both the symbiont and the legume host (Dowling and 
Broughton, 1986; Toro, 1996). Some of the issues facing inoculant rhizobia are 
environmental conditions, soil and rhizosphere survival/growth, and competition for 
infection sites and nodulation of host roots (Vlassak et al., 1997).  
At the molecular level, nodulation competition is not well understood, especially when 
compared with the molecular understanding of nodule development (Friessen, 2012). 
However, some rhizobial characteristics have been determined that appear to enhance 
competitive ability, including the following: the ability to metabolise a wide variety of 
substrates (Wielbo et al., 2007), for example rhamnose catabolism in Rlt (Oresnik et al., 
1998); the production of antibiotics, such as trifolitoxin (TFX), where a TFX producing 
strain nodulated 20% better than an isogenic non-TFX producing strain (Robleto et al., 
1998); the production of rhizopines, by bacteroids, which are selectively catabolised by 
specific free-living strains to increase their presence in the rhizosphere and ITs (Murphy 
et al., 1995); the response to plant flavonoid induction, which appears to be increased to 
a wider range of flavonoids in competitive strains (Maj et al., 2010); and motility. In S. 
meliloti a motile strain was shown to out-compete non-flagellate and non-motile strains, 
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even at unfavourable inoculation ratios (Ames and Bergman, 1981), with a similar result 
demonstrated in Rlt TA1 (Mellor et al., 1987).  
Each of these traits, as well as others, are likely to enhance competitive ability in the 
rhizosphere, and rhizosphere dominance is considered key to successful colonisation of 
the host.  
1.9.1.1 Rhizosphere transcriptomics 
Understanding the genetic basis for rhizosphere competence has been a focus for many 
studies that have explored bacterial gene expression in the rhizosphere of plant species. 
Although bottom-up genetics through gene inactivation is a powerful approach, it is not 
always appropriate in complex environments where there are numerous epistatic 
interactions.  
An early study aimed at investigating the organism Pseudomonas fluorescens and its 
adaptation to the rhizosphere, developed in vivo expression technology (IVET), a 
promoter trapping technology to reveal genes upregulated specifically in the sugar beet 
rhizosphere (Rainey, 1999). A markerless deletion mutant, SBW25ΔpanB, was 
auxotropic for pantothenate and was impaired in its ability to colonise the rhizosphere. 
Plasmid pIVETP was constructed, containing the promoterless panB-lacZY cassette, and 
random P. fluorescens DNA fragments were cloned upstream as transcriptional fusions. 
The pIVETP fusion plasmids were introduced into SBW25ΔpanB and screened for 
isolates that could colonise the rhizosphere. This resulted in identification of isolates 
that contained a chromosomally integrated fusion downstream of an active promoter. 
This study only analysed ~10% of the genome, yet 20 rhizosphere-induced genes were 
identified in P. fluorescens, 14 of which showed similarities to genes involved in nutrient 
uptake, stress response and secretion. Since then, IVET has been applied in numerous 
studies. In P. stutzeri, a nitrogen-fixing symbiont of rice roots, several genes were found 
to be specifically induced in the rice rhizosphere (Rediers et al., 2003). A study 
investigating P. putida in the maize rhizosphere identified 28 root-activated promoter 
regions from ~ 17% of the genome, involved in a range of functions including transport, 
metabolism, motility, stress and regulation (Ramos-Gonazalez 2005). More recently, 
Barr et al. (2008) utilised IVET in Rlv A34, investigating genes expressed in the pea 
rhizosphere and 29 rhizosphere-induced loci were identified, that similarly had roles in 
transport, metabolism, environmental sensing and gene expression. IVET demonstrates 
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the power of investigating organisms in their natural environments, but it does have 
limitations, as it only identifies activated genes. 
More recent work has moved toward the “omics” technologies, which includes genomics, 
transcriptomics, metabolomics and proteomics. Whole genome transcriptomics was 
used to investigate the effect of root exudates from two different sugar beet cultivars on 
P. aeruginosa (Mark et al., 2005). P. aeruginosa expression was altered for 516 genes in 
response to one cultivar, and 451 in response to the other, with relatively equal 
numbers up and downregulated. Interestingly, there was an overlap of only 134 genes. 
The differentially expressed genes were involved in a number of known functions such 
as metabolism, energy generation, amino acid biosynthesis and secretion. In this 
approach, root exudates were introduced into growing broth culture and RNA was 
extracted from cell pellets for use in RT-PCR. The advantages were that it offers broader 
insight into expression profiles, as unlike IVET, this method also identifies genes that are 
down-regulated. However, there are several disadvantages to this method: the samples 
are grown in casamino acid (CAA) media which may impact the expression profiles, the 
exudate is diluted 10-fold in the broth culture, and the most important disadvantage is 
that the samples were not directly from the rhizosphere.  
Another approach was the use of microarray experiments to investigate gene expression 
in Bacillus amyloliquefaciens, a gram-positive organism, in response to the root exudates 
of maize (Fan et al., 2012). Root exudates were extracted from maize, pooled and 
lyophilised. The exudates were added to a culture vessel at a final concentration of 0.25 
g L-1. RNA was extracted and used in a microarray experiment. The results identified 302 
genes (8.2% of the transcriptome) with significantly altered expression. Unlike the 
previous study, the majority of the changes were an increase in expression, with 261 
genes upregulated. Yet again, the groups of genes upregulated in response to exudate 
were involved in metabolism, chemotaxis and nutrient utilisation.  
More recently, microarray analysis was performed on Rlv in response to exudate as well 
as different rhizospheres (Ramachandran et al., 2011). This was a comprehensive 
analysis of the Rlv transcriptome grown in the rhizosphere of its natural host. The 
transcriptome of Rlv was also determined on the rhizosphere of a non-host legume and a 
non-legume, for comparison. This comparative transcriptomic analysis provided a 
complete overview of the genes involved in general life in the rhizosphere, but also 
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allowed the authors to determine specific genes for colonisation of pea which is the host 
of Rlv. 
In current times, RNA sequencing using next generation sequencing (NGS) technology is 
allowing for more affordable comparative transcriptomic studies of rhizosphere grown 
organisms. This is providing researchers with new insights into the genetics that 
contribute to successful rhizosphere colonisation and competition.  
1.10 The aims of this study 
This project is part of a collaboration aimed at improving forage legume performance in 
NZ agriculture. The goal of this project is to determine elite clover rhizobia with high 
BNF potential. To do this, the first step is to identify strains that are competitive for 
nodule formation, as effective nodule formation is an absolute prerequisite for effective 
BNF. Therefore, the overall purpose of this PhD project was to determine the genetic 
basis of competitive nodule formation and rhizosphere colonisation by white clover 
rhizobia through the identification of key genetic traits and pathways associated with 
competitive ability.  
In a parallel project, work is being performed to determine strains that are most 
competitive for nodule occupancy, and subsequently BioLog GN2 microplates will be 
used to establish whether a correlation exists between the competitive ability of 
rhizobia on white and sub clover and their metabolic traits. 
There were three primary aims in this PhD: 
1. Determine how nodulation efficacy was affected by signals from different hosts. 
This was investigated by focussing on Rlt strains TA1, WSM1325, CC275e, and 
CC283b which vary in their symbiotic potential across multiple clover species.  
a. Use reporter assays to examine the sensitivity of the induction of the nod 
gene operons in these strains in response to host recognition (flavonoid) 
signals and root exudates. 
b. Determine the genetic basis of differences (e.g. gene variants, promoter 
variants, contribution of specific nod genes).  
c. Correlate any observed differences with competitive ability. 
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2. Investigate the genetic basis of elite biological nitrogen fixation (BNF) activity in 
rhizobia. 
a. Establish which genetic and physiological traits are linked to 
competitiveness in the rhizosphere. 
b. Develop an RNA-seq pipeline to examine rhizobial gene expression 
profiles in the rhizosphere of several species of clover. 
c. Use targeted knock-outs of genes identified using RNA-seq, along with 
competitive assays, to validate the use of the RNA-seq to identify genes 
that contribute to competitive ability in the rhizosphere. 
3. A third major aim arose during this study. A second copy of the nod gene 
regulator NodD was identified which was found to be present in more than half of 
Rlt strains. 
a. Establish functionality of NodD2 in Rlt TA1. 
b. Determine the role of NodD2 in infection of the host through nodulation 


















2.1 Bacterial strains 
Rhizobium leguminosarum and Escherichia coli strains that were used in this study are 
listed in Table 2.1. 
2.2 Plasmids used for this study 
Plasmids used in this study are listed in Table 2.2. 
2.3 Media and growth conditions 
E. coli was grown in Luria-Bertani (LB) or Tryptone yeast (TY) liquid medium (Miller, 
1972; Beringer, 1974; Sambrook et al., 1989) and on LB solid agar which was incubated 
at either 37C or 28C. Rhizobial strains were grown in TY or rhizobium defined medium 
(RDM) (Ronson et al., 1987) broths supplemented with 0.4% glucose (GRDM) and on TY 
or GRDM agar plates and incubated at 28C. RDM contains biotin (1 µg/ml), thiamine 
(10 µg/ml) and nicotinic acid (1 µg/ml). Media recipes are detailed in Appendix A. 
2.3.1 Antibiotics 
Where required, media were supplemented with the antibiotics listed in Table 2.3. 
2.3.2 Storage of bacterial cultures 
Bacterial strains were grown to stationary phase in an appropriate broth culture 
medium. Eight hundred µl of culture was transferred to a 1-ml internal thread cryovial 
(LabSupply, cat # GRE123280), with 70 µl of dimethylsulfoxide (DMSO). The cultures 
were then stored permanently at -70 to -80°C in the laboratory culture collection. 
2.4 Enzymes and chemicals 
Enzymes were purchased from Roche Diagnostics (Mannheim, Germany) and New 
England Biolabs (NEB) (Beverly, MA, USA). Antibiotics and chemicals were purchased 
from Sigma-Aldrich (St. Louis, USA), Sapphire Bioscience (Auckland, New Zealand), and 
Roche Diagnostics (Indianapolis, USA). Antibiotics were dissolved in filter-sterile MilliQ 
water and filter sterilised through a 0.45-µm syringe filter at appropriate 
concentrations, except for Tc, which was dissolved in 100% methanol.  
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Table 2.1 Bacterial strains used in this study. 
Strain Characteristics  Source or reference 
E. coli   
S17-1 RP4:2 tra region, λpir, host for λpir-dependent 
plasmids 
(Herrero et al., 
1990) 
ST18 S17 ΔhemA (Thoma and 
Schobert, 2009) 
EPI300™ F- mcrA Δ(mrr-hsdRMS-mcrBC) Φ80dlacZΔM15 
ΔlacX74 recA1 endA1 araD139 Δ(ara, leu)7697 
galU galK λ- rpsL nupG trfA tonA dhfr, StrR 
Epicentre® 
Biotechnologies 
R. leguminosarum bv. 
trifolii 
  
TA1 Wild-type strain isolated from sub clover in the 
1950s in Tasmania, Australia. 
(Bullard et al., 
2005; Reeve et al., 
2013a) 
CC275e Wild-type strain isolated from white clover in 




Brockwell et al., 
1972) 
CC283b  Wild-type strain isolated from dried root material 
of caucasian clover grown in the Caucasus region. 
(Also known as ICC105). 
(Zorin et al., 1976) 
WSM1325 Wild-type strain isolated from an unidentified 
annual Trifolium species on the Greek Cyclades 
island of Serifos in 1993. 
(Yates et al., 2005; 
Reeve et al., 2010a) 
WSMΔnodD WSM1325 nodD markerless deletion This study 
TA1ΔnodD1 TA1 nodD1 markerless deletion  This study 
TA1ΔnodD2 TA1 nodD2 markerless deletion This study 
TA1ΔnodD1ΔnodD2 TA1 nodD1 nodD2 markerless deletion double 
mutant 
This study 
TA1ΔnodFERL TA1 2880 bp nodFERL markerless deletion 
including 300 bp upstream of nodF containing 
nod-box and promoter 
This study 
WSMΔnodFERL WSM1325 2864 bp nodFERL markerless deletion 




nod-box and promoter 
TA1Δ04711 TA1 04711 in-frame markerless deletion This study 
TA1ΔaccC TA1 accC in-frame markerless deletion This study 
TA1ΔglnP TA1 glnP in-frame markerless deletion This study 
 
Table 2.2 Plasmids used in this study. 
Plasmid  Characteristics Source 
pFAJ1700  Stable RK2-derived cloning vector, ApR, TcR (Dombrecht et al., 
2001) 
pJQ200SK  pACYC derivative, oriVp15A, sacB, GmR Quandt and Hynes, 
1993 
pSDZ Derivative of pFAJ1700 carrying promoterless lacZ 
gene from pFUS2 with downstream GFP fusion 
cassette from pJRGFUS, TcR 
(Ramsay et al., 2015) 
pRK2013 Helper plasmid, derivative of RK2, oriVColE1, Mob+, 
Tra+, KmR  
(Figurski and 
Helinski, 1979) 
pPROBE-KT pVS1/ p15A replicon containing promoterless gfp, 
KmR 
(Miller et al., 2000) 
pPROBE-GT pVS1/ p15A replicon containing promoterless gfp, 
GmR 
(Miller et al., 2000) 
pTA1PnodAZ pSDZ containing TA1 369 bp nodA promoter region - 
lacZ transcriptional fusion, TcR 
This study 
pTA1PnodFZ pSDZ containing TA1 330 bp nodF promoter region - 
lacZ transcriptional fusion, TcR 
This study 
p275PnodAZ pSDZ containing CC275e 369 bp nodA promoter 
region - lacZ transcriptional fusion, TcR 
This study 
p275PnodFZ pSDZ containing CC275e 331 bp nodF promoter 
region - lacZ transcriptional fusion, TcR 
This study 
p283PnodAZ pSDZ containing CC283b 369 bp nodA promoter 
region - lacZ transcriptional fusion, TcR 
This study 
p283PnodFZ pSDZ containing CC283b 330 bp nodF promoter 
region - lacZ transcriptional fusion, TcR 
This study 
pWSMPnodAZ pSDZ containing WSM1325 369 bp nodA promoter 
region - lacZ transcriptional fusion, TcR 
This study 
pWSMPnodFZ pSDZ containing WSM1325 330 bp nodF promoter This study 
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region - lacZ transcriptional fusion, TcR 
pWSMFERL pFAJ1700 containing 3094 bp WSM1325 nodFERL 
operon including 300 bp upstream of nodF containing 
the nod-box and promoter, TcR 
This study 
pSFPJWSMD pJQ200SK::WSM1325ΔnodD1 markerless deletion 
construct, GmR 
This study 
pSFPJTA1D1 pJQ200SK::TA1ΔnodD1 markerless deletion construct, 
GmR 
This study 
pSFPJTA1D2 pJQ200SK::TA1ΔnodD2 ‘badzone’ markerless deletion 
construct, GmR 
This study 
pSFTnodD1 pFAJ1700 containing TA1 nodD1 with a 286-bp 
promoter region, TcR 
This study 
pSFTnodD2 pFAJ1700 containing TA1 nodD2 with a 292-bp 
promoter region, TcR 
This study 
pSFTnodD1KT pPROBE-KT containing TA1 nodD1 with a 286-bp 
promoter region, KmR 
This study 
pSFTnodD2KT pPROBE-KT containing TA1 nodD2 single gene 
complementation with a 292-bp promoter region, 
KmR 
This study 
pSFPnodAGFP pPROBE-GT containing a TA1 369 bp nodA promoter - 
gfp transcriptional fusion, GmR 
This study 
pSFWnodD pFAJ1700 containing WSM1325 nodD with 294 bp 
promoter region, TcR 
This study 
pSFPJTFERL pJQ200SK::TA1ΔnodFERL markerless deletion 
construct, GmR 
This study 
pSFPJWFERL pJQ200SK::WSM1325ΔnodFERL markerless deletion 
construct, GmR 
This study 
pTA1FERL pFAJ1700 containing 3115 bp TA1 nodFERL operon 
including 300 bp upstream of nodF containing the 
nod-box and promoter, TcR 
This study 
pSFTPAGFP pPROBE-GT containing an Rlt strain TA1 369 bp nodA 
promoter region - gfp transcriptional fusion, GmR 
This study 
pPR3 pPROBE-KT containing a 336 bp region of the nptII 
promoter amplified from plasmid pFAJ1708 inserted 
upstream of a promoterless gfp, KmR 
(Dombrecht et al., 
2001; Rodpothong et 
al., 2009) 
pAMNGUSA  pFAJ1700 containing a gusA transcriptional fusion to Anthony Major 
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the CC275e nifH promoter, TcR 
pAMNCELB pFAJ1700 containing a celB transcriptional fusion to 
the CC275e nifH promoter, TcR 
Anthony Major 
pSFPJT047 pJQ200SK::TA1Δ04711 in-frame markerless deletion 
construct, GmR 
This study 
pSFPJTACC pJQ200SK::TA1ΔaccC in-frame markerless deletion 
construct, GmR 
This study 





Table 2.3 Antibiotics used in this study. 
Antibiotic Abbreviation Concentration (µg/ml) 
E. coli Rlt 
Gentamicin Gm 25 50 
Tetracycline Tc 15 2 
Kanamycin Km 50 - 





2.5 Computer analysis software  
MarvinSketch 14.7.14.0 was used for illustrations of chemical structures (MarvinSketch, 
ChemAxon, http://www.chemaxon.com). For sequence analysis, primer design, 
sequence alignments, percentage identity matrices, phylogenetic trees and sequencing 
quality control, several software packages were utilised: DNAStar (version 14.1.0.115, 
DNASTAR, Madison, WI), Geneious (version R10, http://www.geneious.com) (Kearse et 
al., 2012), ClustalX 2.1 (Larkin et al., 2007). For statistical analysis of data, GraphPad 
Prism (version 7.02 for Windows, GraphPad Software, La Jolla, CA, USA, 
www.graphpad.com) and RStudio (version 1.0.153, RStudio, Inc., Boston, MA, USA, 
http://www.rstudio.com) (RStudio Team, 2015) were used. Protein structures were 
predicted and modelled using the Phyre2 web portal (Kelley et al., 2015) and viewed 
using UCSF Chimera 1.13.1 (Pettersen et al., 2004). 
2.6 DNA isolation and preparation 
2.6.1 Genomic DNA extractions 
2.6.1.1 Ultra-quick genomic DNA preparations 
DNA isolation for Rlt was carried out using a modified protocol of the ultra-quick 
genomic DNA preparation described by (Gonzalez‐y‐Merchand et al., 1996). Five-ml TY 
cultures were grown for 48-72 h at 28°C with shaking. Three ml of culture was 
harvested by centrifugation at 15,871 g and supernatant was discarded. Cells were 
resuspended in 400 µl lysis buffer (4 M guanidinium thiocyanate, 10 mM EDTA, 0.1% 
[w/v] Tween-80). The cell suspension was snap-frozen (-70°C) in a freezer for 15 min. 
The suspension was then incubated at 65°C for 5 min. This snap-freezing/heating 
process was repeated twice. The bacterial lysate was extracted, first using phenol-
chloroform followed by a 5 min spin at 15,871 g and then extracted again using pure 
chloroform followed by a 3 min spin at 15,871 g. The DNA was precipitated with 1 ml of 
ethanol plus 50 µl of 3 M sodium acetate, tubes were inverted and then centrifuged at 
15,871 g for 10 min. The final wash was carried out with 1 ml of 70% ethanol and then 
the pellet was dried and re-suspended in 100 µl of filter-sterile MilliQ water. 
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2.6.1.2 PrepManTM Ultra genomic DNA preparations 
Genomic DNA for use in PCR was extracted from bacterial pellets harvested from 1 ml of 
culture. The cells were resuspended in 200 µl of Applied Biosystems PrepMan Ultra 
reagent (ThermoFisher cat # 4318930) and then boiled for 10 min before being ice-
cooled for 2 min and centrifuged at 15,871 g for 3 min. One µl of the resulting 
supernatant was used in PCR reactions. 
2.6.2 Plasmid DNA extractions 
2.6.2.1 Alkaline lysis preparations 
Alkaline lysis minipreps were carried out via the protocol described by Feliciello and 
Chinali (1993). Overnight cultures grown in LB broth at 37°C were harvested by 
centrifugation at 15,871 g. This was carried out twice so that 3 ml of culture was 
pelleted into a microfuge tube. Cell pellets were then re-suspended into 250 µl of lysis 
solution (0.2 M sodium hydroxide [NaOH], 1% [w/v/] sodium dodecylsulphate [SDS]) 
with a 2 min incubation. A volume of 350 µl of neutralising solution (2 M potassium 
acetate/1 M acetic acid) was added and mixed by inversion, followed by a 10 min 
centrifugation at 15,871 g. From this tube, 800 µl of supernatant was transferred to a 
new tube where the DNA was precipitated with the addition of 560 µl isopropanol. The 
tube was centrifuged at 15,871 g for 10 min and the supernatant discarded. The DNA 
pellet was washed by adding 1 ml of 70% ethanol, before a 5 min spin. The last 
supernatant was removed and the tube was air-dried before the pellet was re-
suspended in 50 µl of filter-sterile MilliQ water.  
2.6.2.2 Plasmid isolation using a commercial kit 
High-quality DNA preparations for cloning and sequencing were isolated using the 
QIAGEN Plasmid Midi kit (QIAGEN, cat # 12143), Illustra GFX PCR DNA and Gel Band 
Purification kit (GE Healthcare, cat # 28903466), or the ZyppyTM Plasmid Miniprep kit 
(Zymo Research, cat # D4020), as per the protocols provided.  
2.6.2.3 Plasmid Gel extraction 
Gel purification of plasmid DNA was carried out using the Illustra GFX PCR DNA and Gel 




2.6.3 Polymerase Chain Reaction (PCR) 
2.6.3.1 Phusion polymerase 
For cloning, PCR reactions were carried out using the Phusion™ High-Fidelity PCR kit 
(ThermoFisher, cat # F553S). The reaction mixtures were made to a volume of 100 μl 
and consisted of the following: 20 μl of 5X high fidelity buffer, 2 μl of dNTP mix, 3 μl of 
DMSO, 1 μl (approximately 20 ng) of template DNA, 1 μl of each primer, 0.5 μl of 
Phusion™ enzyme and 71.5 μl of filter-sterile MilliQ H₂O.  
The PCR products obtained were purified as described above for plasmid DNA 
2.6.3.1.1 Phusion PCR cycle program 
PCR reactions were performed in an Applied Biosystems SimpliAmp™ Thermal Cycler 
(ThermoFisher, cat # A24811) using a standard protocol: first cycle at 98°C for 1 min; 
second cycle was 98°C for 10 s, 57°C for 15 s and then 72°C for 20 s, repeated 35 times; 
final cycle 98°C for 10 s, 57°C for 15 s and 72°C for 5 min. In some instances where PCR 
products were difficult to obtain, PCR reactions were run in quadruplicate with a 
gradient of annealing temperatures ranging from 57°C to 66°C for the second part of 
cycle two. Also the extension time of 20 s at 72°C was extended (an extra 15 s per kb) 
when longer products were sought.  
2.6.3.2 Taq polymerase 
For PCR screening of nodules for competition studies (section 2.12.8.1), or for screening 
clones for inserts, DreamTaq™ Hot Start Green DNA Polymerase (ThermoFisher, cat # 
EP1711) was used. The reaction mixtures were made to a volume of 20 µl and consisted 
of the following: 2 µl of 10X DreamGreen buffer, 0.5 µl dNTP mix (10µM), 0.5 µl of each 
primer, 3 µl template DNA (or homogenised nodule slurry), 0.1 µl DreamTaq™ enzyme, 
13.4 µl of filter-sterile MilliQ H2O.  
2.6.3.2.1 Taq PCR cycle program 
The reactions were performed in an SimpliAmp™ Thermal Cycler using a recommended 
protocol: first cycle at 95°C for 8 min; second cycle was 95°C for 20 s, 58°C for 45 s and 
72°C for 1 min, repeated 30 times; the final cycle was the same as the second cycle 
except the final step at 72°C was 5 min.  
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2.6.3.3 Oligonucleotides (primers) 
PCR primers were designed using DNAStar. For Rlt strains, the primers were designed 
using the genomes available from the IMG database (https://img.jgi.doe.gov/) 
(Markowitz et al., 2011). The primers used in this study are listed in Table 2.4. 
Restriction sites are highlighted in red. 
 
Table 2.4 Oligonucleotide primers used in this study. 
Primer name Sequence Application 
nodA TA1 left TTAAAGATCTGCTCATGGCTGGTTGACTGA RlacZ 
nodA TA1 right AATTCTCGAGTCAATTAATCAGATATTTTCCACCGCACTCC RlacZ 
nodF TA1 left TTAAAGATCTTCAAAATCGCGATTCCGAGC RlacZ 
nodF TA1 right AATTCTCGAGTCAATTAATCACTGATCGGCCATCTTGTTCC RlacZ 
nodA WSM left TTAAAGATCTTGGCTGACTGAGATTGATGC RlacZ 
nodA WSM right AATTCTCGAGTCAATTAATCAAGTTATTTTCCACCGCACTC RlacZ 
nodF WSM left TTAAAGATCTGTTTGTGCTATGTTGAAAGT RlacZ 
nodF WSM right AATTCTCGAGTCAATTAATCAAATAATTTCTACTGTGAGCT RlacZ 
nodA CC275e left TTAAAGATCTGCTCATGGCTGGTTGACTGA RlacZ 
nodA CC275e right AATTCTCGAGTCAATTAATCATTTTCCACCGCACTCCAGCA RlacZ 
nodF CC275e left TTAAAGATCTATAGACCTAGGTCGGCAGGC RlacZ 
nodF CC275e right AATTCTCGAGTCAATTAATCATGATCGGCCATCTTAGTCCT RlacZ 
nodA CC283b left TTAAAGATCTGCTCATGGCTGGTTGACTGA RlacZ 
nodA CC283b right AATTCTCGAGTCAATTAATCAAGGATATTTTCCACCGCACT RlacZ 
nodF CC283b left TTAAAGATCTGCACGTGGCAGTGTGGGTGT RlacZ 
nodF CC283b right AATTCTCGAGTCAATTAATCATACTGTGAGCTGATCGGCCA RlacZ 
TA1_loc7short_fwd ATATCAAGCAGATGGACGAC  Comp 
TA1_loc7_rev AATTACCGATGTCCACCACG Comp 
CC275e_fwd  ACGGCCTATTGAAACGCA Comp 









WSMnodFERL fwd TTAAGGATCCGTTTGTGCTATGTTGAAAGT OCC 
WSMnodFERL rev AATTGAATTCTTGTATTCGCGGGAATATCA OCC 
TA1 NodD1  LL GCGGCCGCTCTAGAACTAGTCGGGATGGTCTTTGACATAC MD 
TA1 NodD1 LR TTAGGCCGCTCTGGCCGCTTTCCAGGCCCTTAAAACGCAT MD 
TA1 NodD1 RL ATGCGTTTTAAGGGCCTGGAAAGCGGCCAGAGCGGCCTAA MD 
TA1 NodD1 RR CGAATTGGGTACCGGGCCCCGAGTCACTCCGTCTAGAAGG MD 
TA1 NodD2 LL GCGGCCGCTCTAGAACTAGTGGGTCAGAGTGATTCGCCAC MD 
TA1 NodD2 LR TCAAGCCGCACACCATTCGGTCCAGGCCCTTAAAACGCAT MD 
TA1 NodD2 RL ATGCGTTTTAAGGGCCTGGACCGAATGGTGTGCGGCTTGA MD 
TA1 NodD2 RR CGAATTGGGTACCGGGCCCCTGCGCCACCAGCGATATCGA MD 
WSM NodD LL GCGGCCGCTCTAGAACTAGTAGATCCGGATGGTCTTTGAC MD 
WSM NodD LR TTAGGTCGCTCTGGCCTCTTTCCAGGCCCTTAAAACGCAT MD 
WSM NodD RL ATGCGTTTTAAGGGCCTGGAAAGAGGCCAGAGCGACCTAA MD 
WSM NodD RR CGAATTGGGTACCGGGCCCCGCCGAGATAAATGCTGACCT MD 
TA1 NodD2 RR v2 CGAATTGGGTACCGGGCCCCCGGGACTAAACAGACCGCTC MD 
TA1D1 5-0 TCGCTAGTTTGCTTTGGCGC PXO 
TA1D1 3-0 GTGGAAATGCAGCGATGGCA PXO 
TA1D1 IntL ss TTGGGCGTACTTTGAAGCCA PXO 
TA1D1 IntR cr CGCTACGCGCTTTATGACCT PXO 
WSM NodD 3-0 CTGCTCATCAAATCCATCGC PXO 
WSM NodD 5-0 CGCTCGTCGTCAATTTGCGA PXO 
WSMD IntL ss CTCGAGCGATTCATGTCGCT PXO 
WSMD IntR cr TACCAGCGTCATGAAATCCG PXO 
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TA1D2 v2 LL GCGGCCGCTCTAGAACTAGTTGACTGGCTTATGGTCAACG MD 
TA1D2 v2 LR AACATAGGCGTGTCGATGTCGAGCGACGAGAAGATTTAGG MD 
TA1D2 v2 RL CCTAAATCTTCTCGTCGCTCGACATCGACACGCCTATGTT MD 
TA1D2 v2 RR CGAATTGGGTACCGGGCCCCACGATCAACTTCGTCAGCAC MD 
TA1 NodD2 Alt LR ACATAGGCGTGTCGATGTCTAGATTTAGGTCCAGGCCCTT MD 
TA1 NodD2 Alt RL AAGGGCCTGGACCTAAATCTAGACATCGACACGCCTATGT MD 
TA1 D1 comp Fwd TTAATCTAGAATGGTCCGACGGTTCGAGAT SGC 
TA1 D1 comp Rev AATTGAATTCTTCGAGCTAATGCAGCTCGA SGC 
TA1 NodD1 forward 
KpnI (pPROBE) 
TTAAGGTACCATGGTCCGACGGTTCGAGAT SGC 
WSM D comp Fwd TTAATCTAGAATGATCCGACGGTTCGAGAT SGC 
WSM D comp Rev AATTGAATTCTTTAAGCGACGGTAGCTCGA SGC 
LL SpeI (TA1D2) TATAACTAGTACGTATCAGCCGGCAGTCAC MD 
LR goodzone (TA1D2) ACCGTAGCTTGCCAGCAATTCTGCACTTCAACTTCACCAA MD 
RL goodzone (TA1D2) TTGGTGAAGTTGAAGTGCAGAATTGCTGGCAAGCTACGGT MD 
RR goodzone (TA1D2) ATATGGGCCCTATCCCGGCCTTCCATGCTG MD 
LR badzone (TA1D2) CTACCGCCGTTACTCCGTGACTGCACTTCAACTTCACCAA MD 
RL badzone (TA1D2) TTGGTGAAGTTGAAGTGCAGTCACGGAGTAACGGCGGTAG MD 
RR badzone (TA1D2) AATTGGGCCCCAGCTCAGGCGCTCAATTAG MD 
LA TA1D2 5-0 CAGAGTGATTCGCCACTTCT S, PXO (1) 
LA TA1D2 IntR cr CTTCTCGCCGAGAAGAAGTT S, PXO (2) 
BZRA TA1D2 5-0  CACCTAAGAGACAGCATGCT S, PXO (3) 
BZRA TA1D2 IntR cr AAGCCAGACGAGCCGTTTAT S, PXO (4) 
GZRA TA1D2 5-0  AGCACCGGTTCACACTGAAT S, PXO (5) 
GZRA TA1D2 IntR cr TGAGCCTATCGAGTTTCACG S, PXO (6) 
Int NodD2 5-0 ATTCAGCTCTCCGTGATTGC S, PXO (7) 













TA1 nodFERL LL GCGGCCGCTCTAGAACTAGTTTGGCGCCTTGATAAGTTCC MD 
TA1 nodFERL LR GAGTGTTGGTTCACAAGCACCATGGAACGAACACTGATGG MD 
TA1 nodFERL RL CCATCAGTGTTCGTTCCATGGTGCTTGTGAACCAACACTC MD 



















TA1FERL 5-0 ACCTACCGCAGTATCCTTCT PXO 
TA1FERL 3-0 cr TAGTCTACATCGTCCGGGTT PXO 
TA1FERL RA int 5-0 CTTCAACATCAGGCTTGGTG PXO 










WSMFERL 5-0 ATCCTTCTAGACGGAGTGAC PXO 
WSMFERL 3-0 cr TGAGGTAGTCTACATCGTCC PXO 
WSMFERL RA int 5-0 TAGCAGAAGTGACGATCGGT PXO 







TA1 nodFERL seq 
check fwd 
ATTGCTGCAACCGAAGCCAT S 









TA1nifHF CTACGGCGGCATCAAATGTG CC 
TA1nifHR ATGTCCTCCAGCTCCTCCAT CC 
TA1 04711 LL GCGGCCGCTCTAGAACTAGTCAGCGATCACGATGAATTCG MD 
TA1 04711 LR ATGCGCGGTGCTTGTTGACTAGGAATATTGCCCGACCTGA MD 
TA1 04711 RL TCAGGTCGGGCAATATTCCTAGTCAACAAGCACCGCGCAT MD 
TA1 04711 RR CGAATTGGGTACCGGGCCCCGCTTGCCTGTGGTGATGACA MD 
TA1 accC LL GCGGCCGCTCTAGAACTAGTCGACTGTCACTCTTCATCCA MD 
TA1 accC LR AGCTTCAGCCATTGTTCGAGATTGGCGATCAGGACGGTAT MD 
TA1 accC RL ATACCGTCCTGATCGCCAATCTCGAACAATGGCTGAAGCT MD 
TA1 accC RR CGAATTGGGTACCGGGCCCCTCTCGATCATAGCTCGATCC MD 
TA1 GlnP LL GCGGCCGCTCTAGAACTAGTCGACCGCGGACATATCATCA MD 
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TA1 GlnP LR CATGGTCATAGCTGCTCCGAGTAGTCTTGGACGATGGCGA MD 
TA1 GlnP RL TCGCCATCGTCCAAGACTACTCGGAGCAGCTATGACCATG MD 
TA1 GlnP RR CGAATTGGGTACCGGGCCCCCAGAGATCGACGTCGAAACC MD 
04711 SXO check fwd GCCTTTCTCGATAACGACGA PXO (13) 
04711 SXO check rev 
cr 
CCGAACGAAGTGAAGAGTAC PXO (14) 
04711 RA int fwd TCATCAGATCTACGAAGCCG PXO (15) 
04711 LA int cr TGTCGTTCTCGCTGATTGGA PXO (16) 
AccC SXO check fwd TCACGCATCTCACCGAAATC PXO (9) 
AccC SXO check rev cr TCACGACAGCCGATGTCAAA PXO (10) 
AccC RA int fwd ATTCCTTCGAATGCCGCATC PXO (11) 
AccC LA int cr CGCTTTGCAGAGATCTTGTC PXO (12) 
GlnP SXO check fwd CCTGTTCAAGAACAGCAGTC PXO (21) 
GlnP SXO check rev cr GTGATCGATCCGCTGTTGAT PXO (22) 
GlnP RA int fwd ATCGTCTACTTCGCCATCTG PXO (23) 
GlnP LA int cr ATGCTGAGCGCTGAAAGGAT PXO (24) 
nodA TA1 prom fwd 
HindIII (pPROBE) 
TTAAAAGCTTGCTCATGGCTGGTTGACTGA Rgfp 
nodA TA1 rev EcoRI 
(pPROBE) 
AATTGAATTCTCAATTAATCAGATATTTTCCACCGCACTCC Rgfp 
04711 Outer Fwd 
check 
ACGTCGCCTCAGTGATCAAT PXO, S (17) 
04711 Outer check 
Rev 
TTCTCCCTCATGCAGCTGAT PXO, S (18) 
04711 Inner gene 
check fwd 
TATCAGACGCTACAGGACCT PXO, S (19) 
04711 Inner gene 
check rev 
CGATATGATCGAGGAGGCAA PXO, S (20) 
GlnP Outer check fwd GAAGAAATTCCTGGAAGCCG PXO, S (25) 
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GlnP Outer check rev AAGGTTGGCAACGGTGATGT PXO, S (26) 
GlnP Inner gene check 
fwd 
TCTTGATGCTCATCCTGTGG PXO, S (27) 
GlnP Inner gene check 
rev 
AGGATGAGGAAGACCTGGAA PXO, S (28) 
*Restriction sites are indicated in red text. MD, used in construction of markerless deletion 
mutant. OCC, used for operon complement construct. SGC, used for single gene complement 
construct. PXO, used to amplify PCR products to confirm the expected single and double 
crossover recombination events in mutation construction. S, used for DNA sequencing. Rgfp, 
used for promoter-gfp transcriptional fusion reporter constructs. RlacZ, used for promoter-lacZ 
transcriptional fusion reporter constructs. CC, DNA contamination check for RNA samples. 
Comp, used to PCR amplify unique regions in Rlt strains for 1:1 competition studies. Numbers in 





2.6.4 Restriction digests 
Plasmid DNA preparations were digested using one or more of the restriction 
endonucleases: ApaI, BamHI, BglII, EcoRI, HindIII, KpnI, SpeI, XbaI, and XhoI in the 
appropriate buffers according to the manufacturers’ recommendations (Roche and 
NEB). The reaction mixture for PCR products typically was made to a final volume of 50 
µl and consisted of 44 μl of PCR product, 5 μl of the appropriate buffer and 1 μl for each 
restriction enzyme. For digestion of DNA preparations the reaction mixture consisted of 
15 μl of DNA, 6 μl of the appropriate (10X) buffer, 1 μl of each restriction enzyme 
required and the rest of the volume made up to 60 μl using filter-sterile MilliQ H₂O. All 
digests were incubated at the manufacturer-specified temperature for at least 1 h. In the 
case of the NEB Hifi enzymes, these reactions could be incubated for as little as 15 min.  
2.6.5 Agarose gel electrophoresis 
DNA digests were mixed with bromophenol blue tracking dye and separated on 1% 
agarose gels. The agarose gels were made using 1 x Tris-acetate EDTA (TAE) buffer 
containing 1 µg/ml of ethidium bromide and were run in TAE buffer (Appendix B). The 
marker used was a mix of lambda DNA HindIII digest and bacteriophage φX174 DNA 
HaeIII digest, each at 50 ng/μL in 8 mM Tris-HCl (pH 8.0), 12 mM EDTA, 12% glycerol 
and 0.012% (w/v) bromophenol blue dye (ThermoFisher, cat # F303SD). Gels were run 
for approximately 1 h at 90 – 100 V. Gel images were captured with a Gel Logic 200 
Imaging System using UV illumination.  
2.6.6 Ethanol precipitation 
Ethanol precipitation of DNA samples was performed by adding 2.5 volumes of 100% 
ethanol, 0.1 volumes of 3 M sodium acetate (NaAc), and 1 µl of pellet paint. These 
reagents were mixed and centrifuged for 10 mins at 15,871 g. The supernatant was 
discarded and 70% ethanol was added before centrifuging for 5 mins at 15,871 g. 
Ethanol was removed (using a pipette if required) before air-drying in a 37°C incubator 
for 10 mins. The pellet was resuspended in 5 µl of filter-sterile MilliQ H₂O.  
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2.6.7 Subcloning of DNA fragments 
2.6.7.1 Vector and insert DNA preparation 
Vector and insert DNA was digested using the appropriate restriction enzymes (section 
2.6.4). The vector or insert DNA was then prepared for ligation by using the Illustra GFX 
PCR DNA and Gel Band Purification kit according to the manufacturer’s instructions. 
Dephosphorylation of the vector DNA was carried out by the addition of 2 µl Alkaline 
Phosphatase, Calf Intestinal (CIP) (NEB, Cat. # M0209S) followed by a 37°C incubation 
for 30 min. 
2.6.7.2 Ligations 
Ligation mixtures consisted of 3 μl of vector DNA, 14 μl of insert DNA, 2 μl of 10x ligation 
buffer, and 1 μl of T4 DNA ligase (NEB, cat # M0202S) to make a final volume of 20 μl, 
which was incubated at 25°C for a minimum of 15 min.  
2.6.8 Electrocompetent cell preparations 
2.6.8.1 Escherichia coli 
Electrocompetent cell stocks of E. coli EPI300™ and E. coli ST18 were prepared using a 
method adapted from Sheng et al. (1995). For ST18, media were supplemented with 5-
aminolevulinic acid (ALA). Strains were grown in 5 ml LB broths overnight to reach 
stationary phase; 0.5 ml was then used to inoculate baffled flasks containing 500 ml 
Super Optimal Broth (SOB) and then incubated at 37°C with shaking at 160 revolutions 
per minute (rpm). Cell cultures were checked using a spectrophotometer at OD600 for a 
density of 0.6 – 0.8. Cells were harvested at 4°C by centrifugation at 5930 g for 10 min. 
After two washes in chilled 10% [w/v] glycerol, cells were washed using 30 ml chilled 
10% [w/v] glycerol, pelleted, and resuspended in 2 ml/L of 10% [w/v] glycerol. The cell 
suspensions were aliquoted into 40 µl volumes, snap-frozen in a dry ice/ethanol bath, 
and stored at -80°C. 
2.6.9 Electrotransformation 
A 40-μl aliquot of competent cells (section 2.6.8) was thawed and 2 μl of DNA was 
added. This was then transferred to a Gene Pulser®/MicroPulser™ Electroporation 
Cuvette, 0.1 cm gap (Bio-Rad, cat # 1652083) that had been chilled on ice. 
Electroporation was carried out at 1800 V using a Gene Pulser Xcell™ Electroporation 
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System (Bio-Rad, cat # 1652660). One ml of LB broth was added to the cuvette 
immediately after the electroporation, the suspension was then transferred to a sterile 
bijoux and incubated at 37°C with shaking for 45 min.  
2.7 Plasmid transfer through conjugation 
2.7.1 Spot matings 
2.7.1.1 Bi-parental matings 
Bi-parental spot matings were carried out using the protocol described by (Hubber et al., 
2004). The recipient Rlt cells were grown in 5 ml TY broths at 28°C for 24 - 48 h with 
shaking. The E. coli ST18 donor cells were grown in 5 ml LB broths at 37°C for 24 h with 
shaking. Thirty μl aliquots of donor and recipient culture were overlaid to form a 60 μl 
aliquot on TY agar. These were dried inside a laminar flow cabinet before being 
incubated for 24 h at 28°C. Using a sterile loop, the spot growth was scraped off and 
transferred to GRDM agar plates supplemented with the appropriate antibiotics (Table 
2.3).  
2.7.1.2 Tri-parental matings 
Tri-parental spot matings were carried out as is detailed in 2.7.1.1. A helper strain of E. 
coli containing the plasmid pRK2013 which carries conjugation machinery was used to 
aid in conjugation of mobilisable plasmids from E. coli strain EPI300 which lacks the tra 
genes. Thirty μl each of donor, helper and recipient stains were overlaid to form a 90 μl 
aliquot on TY agar. 
2.8 Spectroscopy 
The optical density of cultures was determined using a Jenway 6300 spectrophotometer 
(Jenway Instruments) at 600 nm wavelength. DNA concentrations were measured using 
a NanoDrop™ OneC Microvolume UV-Vis Spectrophotometer (ThermoFisher, cat # 
13400519). 
2.9 DNA sequencing 
PCR products and plasmid clones were confirmed via Sanger DNA sequencing. This was 
performed by the Massey Genome Service (MGS), Massey University, Palmerston North. 
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The reaction mixtures were prepared to a final volume of 20 µl and the primer and 
template concentration varied depending on the application. The concentrations were 
determined on a case-by-case basis according to the technical information available on 
the MGS website. Where required, the remaining volume was made up with filter-sterile 
MilliQ H₂O.  
2.10 β-galactosidase assays 
β-galactosidase assays were performed using a method modified from the procedure 
described by Miller (1972). The derivatives of Rlt containing either pSDZ with PnodA-
lacZ transcriptional fusion, or pSDZ with PnodF-lacZ transcriptional fusion, were used to 
assess the effect of synthetic flavonoids on nod gene expression. Five-ml seed inoculum 
cultures were grown in TY broth in 25 ml glass universals for approximately 48 h at 
28°C. Five-ml cultures were inoculated with 50 µl of seed inoculum culture, and 
supplemented with flavonoid inducers at various concentrations. Control cultures were 
set up containing DMSO at an equal volume to the flavonoid treatment. The cultures 
were grown for approximately 24 h to an OD600 of ≈ 0.8 ± 0.1, harvested by 
centrifugation at 15,871 g and resuspended in 1 ml Z-buffer. The resuspended cells were 
adjusted to an OD600 ≈ 0.5 and 200 µl aliquots were used in duplicate samples which 
were prepared to a final volume of 1 ml in Z-buffer. The cells were permeabilised by 
vortexing for 5 s after the addition of 20 µl of 0.1% SDS and 40 µl of chloroform. To start 
the assay, 200 µl of ortho-Nitrophenyl-β-galactoside (ONPG) was added and mixed in 
each sample, with start times recorded. The assays were stopped by the addition of 500 
µl of 1 M Na2CO3 to each sample at recorded times. The samples were centrifuged for 2 
mins at 15,871 g to pellet cells and the OD420 measured. The β-galactosidase activity was 
calculated as Miller Units:  
𝑀𝑖𝑙𝑙𝑒𝑟 𝑈𝑛𝑖𝑡𝑠 = 1000 ×
OD420






2.11.1 Markerless deletion mutagenesis 
The suicide vector pJQ200SK (Quandt and Hynes, 1993) was used to construct 
markerless deletion mutants in strains of Rlt. Replacement of the target gene via 
homologous recombination with a mutant allele is illustrated in Figure 2.1. Vector 
pJQ200SK contains the P15A origin of replication which only functions in 
enterobacteria, the gene encoding the GmR selectable marker aacC1 and the Bacillus 
subtilis sacB gene which is lethal in the presence of 5% sucrose. The pJQ200SK mutant 
allele constructs were cloned using either Gibson assembly (Section 2.11.1.1) or overlap 
extension PCR (Section 2.11.1.2). The recombinant plasmid was transformed by 
electroporation into E. coli ST18 or EPI300 electrocompetent cells (Table 2.1) and 
confirmed via DNA sequencing. 
2.11.1.1 NEBuilder® HiFi DNA Assembly (Gibson assembly) 
The NEBuilder® HiFi DNA Assembly Master Mix (NEB, cat # E2621S) includes a 5’ 
exonuclease, ligase and polymerase. The exonuclease chews back DNA sequence at the 5’ 
end resulting in single stranded 3’ overhang permitting annealing of complementary 
regions. The polymerase subsequently fills in the gaps and the ligase seals the nicks in 








Primers sets (xLL, xLR, xRL, xRR) were designed to amplify ~1.2 kb PCR fragments 
flanking the target gene, resulting in a left and right arm flanking either side of the target 
gene (Figure 2.1). The vector pJQ200SK was prepared by restriction digest with ApaI 
and SpeI. The xLL and xRR primers are 40 bp oligonucleotides that incorporate 20 bp of 
the outermost region of each of the flanking arms, as well as 20 bp of pJQ200SK vector. 
The SpeI and ApaI restriction site, along with 14 bp of preceding sequence of pJQ200SK 
constitutes the 20 bp of vector sequence included in the xLL and xRR primers, 
respectively. This overlapping sequence of the flanking arm and vector facilitates Gibson 
cloning into pJQ200SK. 
The xLR and xRL primers are 40-bp complementary oligonucleotides that consist of 20-
bp of each of the inner ends of the left and right flanking arms that span the deletion 
region. The deletion region incorporates a small region of the 5’ and 3’ ends of the target 
gene (~100 bp total). The two flanking arms were amplified by PCR and then the DNA 
concentration of the PCR products for each arm, along with the digested vector 
preparation were measured on a NanoDrop spectrophotometer (section 2.8). The 
following calculation was used to determine the volume of each component of the 
assembly to be added to the reaction: 
𝑝𝑚𝑜𝑙𝑠 =
weight (ng)  ×  1000
length (bp) ×  650 daltons
 
The final concentrations, in pmols, were used in a ratio of 2:1 PCR products to vector. A 
Gibson reaction was performed at 50°C for 20 mins which simultaneously fused the two 
PCR products and the vector, resulting in a markerless deletion allele construct. 
2.11.1.2 Overlap extension PCR 
Overlap extension primer sets (xLL, xLR, xRL, xRR) were designed to amplify two 
regions flanking the target gene of each strain. Two complementary oligonucleotides 
(overlap primers) of 40 bp were designed that span the deletion region (xLR and xRL). 
An initial PCR was performed by pairing each overlap primer with a flanking primer 
(xLL and xRR) in separate reactions, resulting in the left arm and right arm of ~1.2 kb. In 
the second round of PCR the complementary overlap regions of the flanking arms act as 
primers for the opposite arm, resulting in extension of both products that are combined 
at the overlap region, forming a single ~2.2 kb fragment (Higuchi et al., 1988). The 
amplified ~2.2 kb fragment was checked using agarose gel electrophoresis (section 
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2.6.5), purified and then digested using appropriate restriction enzymes to facilitate 
cloning into pJQ200SK via ligation as detailed in section 2.6.7.2.  
2.11.1.3 Isolation of the markerless deletion mutants 
The appropriate Rlt strains were spot mated with E. coli ST18 that contained a 
confirmed mutant allele construct. The vector contains GmR and Rlt colonies exhibiting 
this phenotype were single colony purified several times. Genomic DNA from the GmR 
colonies was isolated and used as template in a PCR along with the xCheckL and 
xCheckR primers to confirm the single crossover (SXO). In a successful SXO clone two 
bands should be amplified, representing the wild-type and mutant construct alleles. 
The double crossover (DXO) event results in the loss of pJQ200SK as a result of 
homologous recombination. DXO clones were identified using a counterselection 
technique by growing the clones on 5% S/RDM (sucrose), as the product of sacB carried 
by pJQ200SK is toxic in cells when grown in presence sucrose. There are two 
possibilities for the DXO event: the original crossover event will be reversed resulting in 
loss of the plasmid and the mutated gene, reverting the clone to wild-type form, or 
alternatively, the recombination will result in loss of the vector and the wild-type gene, 
leaving behind the mutant allele (Figure 2.1).  
Strains that had apparently lost pJQ200SK, as determined by growth on sucrose, were 
patched onto G/RDM + Gm to ensure that sucrose resistance was due to the loss of 
pJQ200SK and not a sacB mutation.  
Genomic DNA was prepared from sucrose resistant, GmS clones and used as template for 
PCR with the xCheckL and xCheckR primer set. A successful DXO event should result in 
the amplification of a single product representing the deletion allele. If the DXO event 
did not result in the desired deletion allele, then amplification of a single product 




2.12 Plant studies 
Plant studies were performed to determine the symbiotic properties of various Rlt wild-
type and mutant strains. The cultivars of the three main clover species in this study 
(section 1.5.1) were white clover (T. repens cv. Tribute), red clover (T. pratense cv. 
Sensation), and subterranean clover (T. subterraneum cv. Leura). 
2.12.1 Seed surface sterilisation 
2.12.1.1 Hydrogen peroxide surface sterilisation procedure 
Seeds were placed in a 30 ml sterile universal container. They were immersed in 70% 
ethanol and vortexed for one minute. The ethanol was decanted and 10 ml of a 1:1 mix 
of absolute ethanol and 30% hydrogen peroxide (H2O2) was added before vortexing the 
tube for four minutes. The seeds were washed four times in sterile dH2O, suspended in 
30 ml sterile dH2O and transferred to a sterile petri dish. The seeds were imbibed for 
four h in sterile dH2O, which was changed at least every 30 minutes. 
2.12.1.2 Sulphuric acid/bleach surface sterilisation procedure 
The seeds were placed in a 30 ml sterile universal container. The seed coat was scarified 
by the addition of concentrated sulphuric acid for 10 min. The seeds were then washed 
five times dH2O before soaking in a mix of 10% commercial bleach (v/v) with 0.03% 
Tween-80 (v/v) for 20 mins. The seeds were washed a further five times in dH2O. 
2.12.2 Planting 
The surface-sterilised seeds were transferred to 0.8% agarose plates (‘watery agar’), 
inverted and incubated in the dark for 24 - 48 h at 24°C. The germinated seedlings were 
then transferred to 10 x 10 cm square plates (12 per plate) or individually to 18 mm test 
tubes containing slanted Jensen’s seedling agar (Vincent, 1970). For seedlings used in 
microscopy, the square plate contained autoclaved lens paper laid upon the agar slant, 
applied prior to planting, to prevent root growth below the surface. The germinated 




2.12.3 Plant inoculation 
For inoculation of plants under standard conditions, Rlt cells were scraped from a GRDM 
agar plate, re-suspended in 10 ml sterile dH2O and adjusted to an OD600 of 0.1. One 
hundred µl of the suspension (approximately 107 cells) was gently applied to the root of 
each germinated seedling. 
2.12.4 Plant growth conditions 
Plants were grown in a PC2 controlled growth room. The relative humidity was 
maintained at 65% and the temperature was rotated from 23°C during the day and 14°C 
at night on a 16 h day/8 h night cycle. The location of the plants was periodically altered 
to minimise the impact of the distance to the light sources on the plants.  
2.12.5 Plant nodulation/fixation assays 
Plants were grown for a 6 week period in order to determine the symbiotic proficiency 
of the inoculum. From seven days post inoculation (dpi) through to 35 dpi the nodule 
numbers on each plant were recorded every second day. At 42 dpi the roots and shoots 
were separated and the wet weights of the shoots were recorded to assess the relative 
levels of nitrogen fixation that occurred between treatments.  
2.12.6 Infection thread assays 
Visual investigation of IT formation by various wild-type and mutant fluorescently-
marked Rlt strains was performed by examining roots using epifluorescence 
microscopy. Seedlings were removed from square plates at seven dpi, roots were 
separated from shoots and the roots were placed onto a microscope slide, immersed in 
sterile dH2O and covered with a standard coverslip. The roots were examined using an 
Olympus microscope (model BX51TRF) with fluorescence illuminator (model BXRFA). 
Cells expressing GFP were visualised using a fluorescence mirror unit (model U-MWIB3) 
consisting of a 460-495 nm bandpass exciter, a 505 nm longpass dichroic mirror and a 
510 nm longpass emitter. The entire lengths of the roots (whilst using the focus to check 
through the z-axis) were checked for IT formation and the number of observed ITs 




2.12.7 Plant pillow system 
RNA sequencing of rhizosphere-grown rhizobia required another approach to the usual 
plant growth methodology. Six ‘pillows’ were filled with a 6:1 vermiculite/perlite 
mixture, soaked in dH2O and autoclaved in an autoclave-proof white bin with tin foil to 
seal (Figure 2.2A). Prior to use, the pillows were soaked in Hoagland’s solution for 30 
min. Large numbers of seeds were sterilised using the hydrogen peroxide method 
(section 2.12.1.1) and spread between the three pairs of pillows, which were pinched to 
shield the seeds from light. A UV permissive clear acrylic sheet was sanitised with 70% 
ethanol and placed over the bin containing the pillows. The pillow system was incubated 
in the plant growth room for three days to permit germination before inoculation with 
the appropriate Rlt strains. Each row of clover was inoculated with 10 ml of 108/ml Rlt 
cells. At seven dpi (Figure 2.2B) the plants were harvested for RNA extraction from root 
washings, as detailed in section 2.13.1.1.  
A) B) 
  
Figure 2.2 Pillow system used to grow white clover for RNA-seq experiments.  A) Pillow 
system set up before application of surface-sterilised seeds. B) Pillow system containing 
germinated white clover at seven dpi with Rlt TA1. 
 
2.12.7.1 Root exudate preparation 
Two g of surface-sterilised T. repens seeds were allowed to imbibe in sterile H2O for four 
h post surface-sterilisation. To assess sterility, five ml of the water used to imbibe the 
seeds was mixed with five ml of TY liquid medium and incubated for four days at 28 °C. 
The seeds were placed on a wire mesh screen suspended above 120 ml sterile H2O 
inside a glass container with a glass lid (Figure 2.3A). The roots grow down through the 
mesh and into the water (Figure 2.3B). A second sterility check was performed by 
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addition of 0.1 ml of medium onto TY agar. The solution containing exudate was filter-
sterilised through a 0.45-µm syringe filter and lyophilised using a FreeZone 6 Litre 
Console Freeze Dry System (Labconco, cat # 7934020). The lyophilisate was weighed 
and re-suspended at 50 mg/ml in DMSO. This method is loosely adapted from a 





Figure 2.3 Experimental set up for the growth of white clover to permit the collection of 
root exudate.  A) The sterile glass jars containing stainless steel mesh to suspend seeds above 
sterile water. B) An image showing the growth of the roots through the mesh and into the liquid 
where the exudate collects 
. 
2.12.8 Competition studies 
2.12.8.1 PCR based analysis 
A PCR strain typing method was developed by Anthony Major in our lab to assess 
relative competitive ability. Strain-specific primers for strains TA1, CC275e and 
WSM1325 were designed (Table 2.4) such that each strain produced a PCR-amplified 
product of unique size, allowing for differentiation of strains from mixed inocula. 
Pairwise combinations of strains were inoculated onto several species of clover as 1:1 
ratios, with a total of 103 cells applied to each seedling (5x102 of each strain). Twenty 
five plants were assayed for each 1:1 strain combination. At 24 dpi the top 5 nodules of 
each plant were harvested, surface sterilised (section 2.12.1.1) and individually placed 
into wells in a Nunc MicroWell 96-Well Microplate (ThermoFisher cat # 152038). Each 
well contained 30 µl of sterile dH2O, and the nodules were crushed using a sterile blunt 
toothpick. Three µl of the homogenous nodule slurry was used as template DNA in a 20 
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µl Taq polymerase PCR reaction (section 2.6.3.2). When necessary, the homogenised 
slurry was stored at -20°C to be used at a later date.  
The strain present in each nodule was determined by size differentiation of resulting 
bands resolved on an agarose gel (section 2.6.5). In some cases a single band was 
amplified, and in others a band for both strains was amplified indicating dual occupancy 
of the nodule. The final competitive ability of the 1:1 pairwise strain combinations was 
determined by collating strain occupancy from over 100 nodules, as determined by this 
method. 
2.12.8.2 Vector based analysis 
2.12.8.2.1 Development of the reporter plasmids 
A vector-based competition assay was also developed by Anthony Major in our 
laboratory, adapted from a method published previously (Sánchez-Cañizares and 
Palacios, 2013). The nifH promoter of Rlt strain CC275e was aligned against the nifH 
promoter of various Rlt strains and found to be highly conserved, allowing for use in 
multiple strains (data not shown). The nifH promoter was chosen as the nif genes are 
under tight regulation in response to oxygen levels and will not be expressed until the 
bacteria have differentiated into bacteroids inside the nodule cells (Dixon and Kahn, 
2004), and therefore should confer a minimal fitness cost during free-living growth and 
nodule infection. The genes gusA and celB were cloned into the stable broad host-range 
vector, pFAJ1700, as transcriptional fusions downstream of the nifH promoter, resulting 
in the reporter constructs pAMHGUSA and pAMHCELB, respectively (Table 2.2).  
2.12.8.2.2 Staining procedure for nodules inoculated with strains containing 
pAMHGUSA and pAMHCELB 
The plasmids pAMNGUSA and pAMNCELB were introduced into each wild-type and 
mutant strain of interest and the strains were inoculated pair-wise onto ten plants of 
white clover in duplicate, with each replicate inoculated with the same two strains but 
containing the reciprocal reporter constructs. The plants were grown on square plates 
as detailed in section 2.12.2. They were inoculated with 100 µl of 1:1 strain solution 
containing approximately 103 cells total.  
At 24 dpi, the plants were harvested and placed into 20 ml of phosphate buffer 
containing 0.1% sodium laurylsarcosine and 0.1% Triton X-100. The gusA stain was 
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applied first by the addition of 40 ul of 50 µg/ml magenta-glc (5-bromo-6-chloro-3-
indolyl-β-D-glucuronide) and incubated at 37°C overnight. The solution was then 
discarded, the plants re-immersed in 20 ml of fresh phosphate buffer containing 0.1% 
sodium laurylsarcosine and 0.1% Triton X-100 and incubated at 70°C for 60 min, to 
deactivate enzymatic activity other than CelB. Universals containing the plants and 
solution were allowed to cool for 5 minutes before 40 µl of 50µg/ml X-Gal (5-bromo-4-
chloro-3-indolyl-β-D-galactopyranoside) was added. This was incubated overnight at 
37°C before the solution was removed and the root structures laid out side by side on 
clear plastic with a white background to be photographed. The top five nodules of each 
plant were scored at a later date to determine nodule occupancy. 
2.12.8.2.3 Determining the presence of strains using pAMHGUSA and 
pAMHCELB for competition studies 
The vector-based method for establishing competitive ability does not necessarily result 
in a 50% ratio in equally competitive strains. For this reason the pairwise competition 
studies were performed in duplicate using reciprocal combinations of the reporter 
constructs for each strain. This way, the competitive ability of strains in competition 
could be assessed by focussing on the relative abundance of one of the reporters. 
Following processing of the plants (section 2.12.8.2.2), the presence of each strain was 
determined by the colour of the nodule conferred by the reporter construct. The 
pAMHGUSA construct results in pink nodules, whereas pAMHCELB results in blue 
nodules. There was a high degree of error in the pAMHGUSA containing strains as the 
stain did not produce strongly-coloured nodules which proved problematic when 
attempting to differentiate from the inherent orange colour of effective nodules. 
Therefore, competition studies using these vectors only stained for the presence of CelB 
and compared the relative abundance. If the proportion of CelB stained nodules was 
equivalent in the two background strains then they were considered to be equally 
competitive. If the proportion was uneven then one strain was considered to be more 
competitive than the other.  
2.12.8.2.4 Determination of relative competitive ability 
A rhizosphere colonisation index (RCI) was adopted to determine the relative 
competitive ability of a mutant, compared to the wild-type counterpart. This RCI was 
based on the RCI created by Ramachandran et al. (2011). If the relative competitive 
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ability of the mutant is equal to wild-type, the RCI will be 1. An RCI below 1 indicates a 
less competitive mutant. The RCI was based on the proportion of wild-type and mutant 
nodules following 1:1 competition, determined by the reporter plasmid system (Section 
2.12.8.2). A reciprocal combination of each pair of strains was compared, and the 
average proportion of each strain was determined. The average of the proportions was 
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This section details the methodology used for RNA-sequencing of Rlt strain TA1 grown 
in the rhizospheres of various species of clover.  
2.13.1 RNA extraction 
2.13.1.1 Extraction from rhizosphere-grown rhizobia 
Total RNA was extracted using the RNeasy plus Mini Kit (QIAGEN, Cat # 74134). The 
method used was adapted from a method provided by Dr. Vinoy Ramachandran, 
Department of Plant Sciences, University of Oxford.  
Following growth of clover on the pillow system (section 2.12.7), the plants were 
harvested. The roots were separated from the shoots and placed into a 50 ml Falcon 
tube with 6 ml of MilliQ H2O and 12 ml RNAlater Stabilization Solution (Invitrogen, cat # 
AM7020) or RNAprotect Bacteria Reagent (QIAGEN, cat # 76506). The mix was vortexed 
for 1 min and supernatant was transferred to a new tube. The supernatant was then 
centrifuged at 15,303 g, 4°C for 10 min. The supernatant was then discarded, the tube 
dried on filter paper and the pellet resuspended in 200 l of 10 mM Tris-HCl pH 8.0. The 
resuspended cells were transferred to disruption tubes (OPS Diagnostics, cat # 
PPDT0250013) that contained 1 ml of lysis beads and 350 l of pre-chilled RLT buffer 
with 10 l/ml beta-mercaptoethanol (β-ME). The cells were lysed in a bead beater at full 
speed for 30 s and incubated on ice for 3 min. The remaining steps were carried out 
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based on the manufacturer’s instructions. Note: Buffer RW1 is not used in this protocol 
as that buffer is for the purpose of removing small RNAs.  
2.13.1.2 Extraction from broth culture 
For broth culture control samples, TA1 was grown in 50 ml of TY broth in 250-ml flasks. 
After three days of growth on TY agar slants, TA1 growth was re-suspended in three ml 
of TY broth and 250 µl of this was used to inoculate the 250-ml flasks. This was repeated 
using three slants and three flasks resulting in biological triplicate samples. The samples 
were grown for approximately 16 h at 28°C with shaking, to an OD600 of 0.4 – 0.6. Twelve 
ml of each culture was added to a centrifuge tube containing 24 ml RNAlater, vortexed 
for 5 s and incubated at room temperature (RT) for 5 min. The cells were harvested by 
centrifugation at 15,303 g at 4°C for 10 min. The supernatant was discarded and the 
pellet was re-suspended in 250 µl 10mM Tris-HCl pH 8.0. From this point onwards the 
method was the same as that detailed in section 2.13.1.1. 
2.13.1.3 DNase treatment 
To ensure no DNA contamination, the RNA samples were treated with DNase using the 
TURBO DNA-free Kit (Invitrogen, cat # AM1907), as per the manufacturer’s instructions, 
with the exception of a repeat of the centrifugation step to ensure complete removal of 
the inactivation reagent.  
2.13.1.4 DNA contamination check 
The presence of DNA contamination was assessed using PCR. The primer pair 
TA1nifHF/TA1nifHR (Table 2.4) was designed to amplify a product of 564 bp if Rlt 
genomic DNA was present. A PCR was carried out, as detailed in section2.6.3, using 3 µl 
of each sample as template, along with a positive and negative control.  
2.13.1.5 RNA quality assessment 
At multiple stages of extraction and library preparation, RNA quality was assessed using 
either an automated, miniaturised electrophoresis system, or a Qubit fluorometer.  
2.13.1.5.1 Automated capillary electrophoresis systems 
Two systems currently exist for the simultaneous determination of quality and quantity 
of RNA. Both are based on similar technology using miniaturised on-chip 
electrophoresis. Throughout the RNA-sequencing protocol, both the Experion™ 
Automated Electrophoresis Station (Bio-Rad, cat # 7007010) and the 2100 Bioanalyzer 
71 
 
(Agilent Genomics, cat # G2939BA) were used for RNA assessment, depending on the 
concentration and type of nucleic acids being assessed. For the 2100 Bioanalyzer 
system, the RNA 6000 Nano Kit (Agilent, cat # 5067-1511) and the RNA 6000 Pico Kit 
(Agilent, cat # 5067-1513) were used. For the Experion Automated Electrophoresis 
system, the Experion RNA StdSens Analysis Kit (Bio-Rad, cat # 7007103) and the 
Experion RNA HighSens Analysis Kit (Bio-Rad, cat # 7007105) were used. Following 
cDNA library preparation the DNA concentrations were checked on the Experion 
Automated Electrophoresis system using the Experion DNA 1K Analysis Kit (Bio-Rad, cat 
# 7007107). 
2.13.1.5.2 Fluorometric quantitation of RNA and DNA 
The Qubit® 2.0 Fluorometer (Invitrogen, cat # Q32866) was used to accurately assess 
the quantity of RNA and DNA in samples.  
2.13.2 cDNA library preparation 
2.13.2.1 rRNA depletion 
Ribosomal RNA (rRNA) was depleted from the RNA samples as rRNA usually accounts 
for 90 – 95% of total RNA. Given that the bacterial samples were isolated from plant 
roots, there was likely contaminating plant RNA in the samples. Therefore, rRNA was 
depleted using a 5:1 ratio of the Ribo-Zero rRNA Removal Kit (Gram-Negative Bacteria) 
(Illumina, cat # MRZGN126) and the Ribo-Zero rRNA Removal Kit (Plant Leaf) (illumina, 
cat # MRZPL116), respectively (method provided by Dr. Vinoy Ramachandran). Other 
than using a master mix of the two types of reagent instead of an individual reagent, the 
method was performed as per the manufacturer’s instructions.  
2.13.2.2 RNA clean up 
At various stages of RNA-seq library preparation, the RNA had to be purified using the 
RNA Clean & Concentrator™-5 kit (Zymo research, cat # R1013). This was performed as 
per the manufacturer’s instructions. 
2.13.2.3 Removal of plant (poly mRNA) from total RNA 
To remove plant RNA from the samples, Oligo d(T)25 magnetic beads (NEB, cat # 
S1419S) were used. To prepare the beads, they were vortexed until a uniform brown 
colour was achieved, and 100 μL of bead suspension per 50 μg of total RNA was 
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transferred to a microfuge tube for each sample. The tubes were placed in a Magnetic 
Particle Concentrator (MPC) for 1 min. The storage buffer was removed from the tubes 
by pipette without disturbing the pellet, and discarded. The tubes were removed from 
the MPC, the beads re-suspended in 200 µl of binding buffer and mixed by pipetting. The 
tubes were replaced onto the MPC for 1 min to achieve complete separation before 
binding buffer was removed and discarded. The addition and removal of binding buffer 
was repeated twice to remove any residual storage buffer.  
An equal volume of total RNA was mixed with binding buffer (50 µl each) in microfuge 
tubes. The mix was denatured at 70°C for 5 min, and placed on ice immediately. During 
the incubation time, the binding buffer was removed from the bead preparation. 
Without leaving the beads for long, the total RNA/Binding buffer mixture was added and 
mixed by pipetting. The samples were incubated for 15-20 min at RT, at 10 rpm with 
shaking on an orbital shaker. The tubes were placed on the MPC for 2 min, and checked 
for good separation of beads and solution. The supernatant was transferred to fresh 
RNAse free tubes and purified using the Zymo Clean and concentrator kit.  
2.13.2.4 RNA fragmentation 
RNA fragmentation was performed using the Ion Torrent™ Ion Total RNA-Seq Kit v2 
(ThermoFisher, cat # 4475936) as specified by the manufacturer. The fragmented 
samples were purified using the Ion Torrent™ Magnetic Bead Purification Module 
(ThermoFisher, cat # 4475486), again  as specified by the manufacturer. 
2.13.2.5 Hybridisation of RNA 
Hybridisation and ligation of adapters to the fragmented RNA was performed using the 
Ion Torrent™ Ion Total RNA-Seq Kit v2 , as specified by the manufacturer.  
2.13.2.6 Reverse transcription 
The 12 RNA samples were each reverse-transcribed into cDNA using the Ion Torrent™ 
Ion Total RNA-Seq Kit v2, as specified by the manufacturer.  
2.13.2.7 Amplification and barcoding of cDNA samples 
Amplification of the cDNA of each of the 12 samples was carried out using the Ion 
Torrent™ Ion Total RNA-Seq Kit v2. Each of the 12 samples was assigned one of the 
unique Ion Xpress™ RNA 3' Barcode Primers in order to differentiate the reads 
generated following sequencing of the cDNA library. 
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2.13.2.8 Assessment of size and yield of amplified cDNA 
The size and yield distribution of the amplified DNA was assessed by performing a 
smear analysis to quantify the percentage of DNA in the 50 – 160 bp size range. The 
smear analysis was performed as detailed in the instructions provided with the Ion 
Torrent™ Ion Total RNA-Seq Kit v2, using the Agilent 2100 Bioanalyzer System 2100 
Expert Software (Agilent Technologies, version B.02.08.SI648 – SR3). The smear analysis 
was also used to determine the nanomolar concentration (nM) of the libraries within the 
size range of 50 – 1000 bp.  
2.13.2.8.1 Dilution and pooling of library 
The samples were then diluted to 10 nM concentrations (added X amount based on 
smear analysis of DNA within 50 – 1000bp) to 100 µl of MilliQ H2O. For each sample of 
10 nM, 10 µl was added to a new tube, resulting in a 120 µl pool of the 12 samples at 10 
nM concentration. The library pool was then diluted to 75 pmol, required for template 
preparation, and loaded into the Ion Chef for automated template preparation.  
2.13.3 Template preparation (Ion Chef) 
Library preparation, template preparation, and chip loading was automated and 
performed using the Ion Chef™ Instrument (Ion Torrent™ cat # 4484177), using the Ion 
PI™ Hi-Q™ Chef Kit (Ion Torrent, cat # A27198) and the Ion PI™ Chip v2 Kit (Ion Torrent, 
cat # 4482321).  
2.13.4 Sequencing (Ion Proton) 
The sequencing was performed using the Ion Proton™ System (Ion Torrent™, cat # 
4476610). The reagents used for sequencing were supplied in the Ion PI™ Sequencing 
200 Kit v2 (Ion Torrent™, cat # 4485149). The sequencer was set up and run according 
to the manufacturer’s instructions. The result was raw fastq files for 12 samples. 
2.13.5 RNA-sequencing analysis 
2.13.5.1 Raw read quality control and read mapping to reference genome 
The raw read files were processed initially by Dr. Joshua Ramsay at Curtin University in 
Perth; however an equivalent script for processing and aligning the files has since been 
written and confirmed using the Microbiology and Immunology department server 
(Appendix D). The first step was to analyse the raw reads using FastQC (section 
74 
 
2.13.5.1.1) and determine the appropriate parameters for Trimmomatic (section 
2.13.5.1.2). Trimmomatic was used to standardise the raw reads and discard reads of 
low quality or unusual size. FastQC was run on the trimmed reads to validate the 
parameters chosen. The trimmed fastq files were then aligned against the TA1 reference 
genome (section 2.13.5.1.3) using Bowtie2 (section 2.13.5.1.4), resulting in sequence 
alignment map (SAM) files for each sample. The SAM files were converted to binary 
alignment map (BAM) file format using SAMtools (section 2.13.5.1.5). The BAM files 
were then indexed using SAMtools, resulting in 12 BAM and index (.bai) files 
corresponding to each of the original 12 samples, which were required for downstream 
differential expression (DE) analysis (section 2.13.5.3).  
2.13.5.1.1  FastQC 
FastQC is a tool that was designed to allow quality control checks of raw sequence data 
(Andrews, 2010). FastQC provided a basis for quality control measures implemented 
using Trimmomatic. 
2.13.5.1.2 Trimmomatic 
Trimmomatic (Bolger et al., 2014) was used to standardise the quality of the reads 
before mapping to the reference genome. The parameters selected are shown in 
Appendix D. 
2.13.5.1.3 TA1 Reference genome 
A high quality draft genome of TA1 is available (Reeve et al., 2013a) and the GenBank 
file was accessed from NCBI GenBank (NCBI Reference Sequence: NZ_KE387142.1) 
(Benson et al., 2013). 
2.13.5.1.4 Bowtie2 
Bowtie2 is a tool designed for aligning sequencing reads to a reference sequence 
(Langmead and Salzberg, 2012). The parameters used when Bowtie2 was run are shown 
in Appendix D. 
2.13.5.1.5 SAMtools 
SAMtools (Li et al., 2009) is a utility designed for various manipulations of alignments in 





The DE analysis was performed using the R programming language in the statistical 
software package, RStudio (R Core Team, 2013; RStudio Team, 2015).  
2.13.5.2.1 Bioconductor 
Bioconductor is an open source software package designed for the analysis of high 
through-put sequencing data based on the R programming language. The Bioconductor 
packages that were required for analysis of differential expression are listed in Table 
2.5.  
Table 2.5 The Bioconductor libraries installed for DE analysis using DEseq2. 
Bioconductor libraries used Reference 
library(DESeq2) (Love et al., 2014) 
library(GenomicAlignments) (Lawrence et al., 2013) 
library(Rsamtools) (Morgan et al., 2017) 
library(GenomicRanges) (Lawrence et al., 2013) 
library(GenomicFeatures) (Lawrence et al., 2013) 
library(ReportingTools) (Huntley et al., 2013) 
library(rmarkdown) (Allaire, 2017) 
2.13.5.3 DE analysis 
The software package used to perform the DE analysis was DESeq2 (Love et al., 2014). 




















The nod genes encode enzymes responsible for the production and modification of NF. 
The nod genes are clustered into operons downstream of nod-box promoters and are 
regulated by the transcription factor, NodD. The operons encode genes responsible for 
different aspects of NF production and in Rlt two main operons have been identified, 
nodABCIJ and nodFERL, that contain the ‘common’ and host-specific nod genes, 
respectively. The nodMNX genes are also found in Rlt (Figure 1.3) but the role of this 
operon has been determined to be much less significant for successful symbiosis. 
(section 1.6.2.5).  
The aim of this chapter was to gain insight into the mechanisms that contribute to 
variation in rates of nodule formation by different Rlt strains on the host plants white, 
red and subterranean clover, in order to gain an understanding of the underlying 
genetics contributing to competitive ability. To achieve this, it is important to 
understand how nod gene expression is affected by signals from different hosts and how 
this affects the efficiency of nodulation. To determine whether differences in the 
induction of nod genes in response to host exudates may contribute to host specificity or 
competitive ability between Rlt strains, reporter plasmids that contained the nodA and 
nodF promoters from the three strains of interest were developed. The induction of 
these promoters in response to a variety of synthetic inducers was then investigated. 
Three of the Rlt strains were chosen in the MBIE programme as benchmark strains for 
investigation as they have all been used commercially in NZ and they each show 
variation in symbiotic potential on the three clover hosts (see below). To further 
investigate the specific impact of the host-specific nod genes, markerless deletion 
mutants of the nodFERL operon were constructed in strains WSM1325 and TA1 and 
tested on a variety of clover species. To correlate the expression results with symbiotic 
proficiency, the relative competitive ability of the wild-type and mutant strains was also 




3.2.1 Variation in symbiotic ability of Rlt strains TA1, 
WSM1325 and CC275e 
The experimental work in this section was performed in our laboratory by Assistant 
Research Fellow Anthony Major. Nodulation assays were performed to determine the 
relative nodulation and fixation capability of Rlt strains TA1, CC275e and WSM1325 on 
white, red and subterranean clover. The three strains all nodulated each host but 
displayed striking variation in symbiotic proficiency. Table 3.1 summarises the 
nodulation kinetics and wet weight data presented in Figure 3.1, and Figure 3.2 provides 
a visual representation of the growth phenotypes of the strains on the three species of 
clover.  
Strain TA1 was particularly effective on white clover (Figure 3.1B) and was effective on 
sub clover (Fix++), but was only partially effective on red clover (Fix+/-) (Figure 3.1E). 
Strain WSM1325 was not quite as effective as TA1 on white clover (Nod+) (Figure 3.1B). 
It was also only partially effective on red clover and showed a delay in the onset of 
nodulation (Noddel/Fix+/-) (Figure 3.1E). WSM1325, however, was the most effective 
strain on sub clover (Figure 3.1D). CC275e was indistinguishable from TA1 on white 
clover (Figure 3.1A & D). Interestingly on sub clover CC275e formed nodules at the same 
rate as WSM1325 (Figure 3.1C), but the nodules did not fix nitrogen (Nod+/Fix-) (Figure 
3.1D, Figure 3.2B). CC275e was Fix++ and was the most effective strain on red clover 
(Figure 3.1F). Thus these Rlt strains show host-specific symbiotic efficiency.  
Table 3.1 Summary of the symbiotic proficiency of three strains of Rlt on three species of 
clover.  
 Clover species investigated 
Strains White clover Sub clover Red clover  
TA1 Fix++ Fix++ Fix+/- 
WSM1325 Fix+ Fix++ Noddel/Fix+/- 
CC275e Fix++ Nod+/Fix- Fix++ 
* Nod, nodulation. Fix, fixation. ++, positive. +, partial. -, negative. del, delayed.    
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Figure 3.1 The nodulation kinetics and shoot wet weights of three species of clover 
inoculated with three strains of Rlt.  A & B) White clover; C & D) Sub clover; E & F) Red clover. 
Data from A. Major (this lab). Each strain was tested on 15 plants. Error bars represent the 
standard error of the mean (SEM). Significance was determined using one-way ANOVA with 






















Figure 3.2 Photographs that convey a qualitative understanding of the relative fixation 
ability of three strains of Rlt across three species of clover.  The size and colour of the plant 
indicate the fixation potential of the Rlt microsymbiont. A) White clover; B) Sub clover; C) Red 
clover. Photographs provided by A. Major (this lab).  
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3.2.2 Bioinformatic analysis of the nod genes in Rlt strains 
TA1, WSM1325 and CC275e  
The genomes of the strains of interest have been sequenced and are available through 
the IMG database at https://img.jgi.doe.gov/ (Markowitz et al., 2011). Strain CC275e 
was sequenced by Delestre et al. (2015) as part of the MBIE-funded programme 
“Improving Forage Legume-Rhizobia Performance”. 
3.2.2.1 Arrangement of the nod genes 
Using DNAStar, the location of the nod genes of each strain was annotated and the nod-
boxes of interest were identified (Figure 3.3). The three strains showed the same 
arrangement of the nod operons. Although sequence similarity indicated the presence of 
a nodT gene, it was found in a separate part of the genome and did not appear to be 
preceded by a nod-box promoter motif.  
 
Figure 3.3 Arrangement of the nod genes across a 12,870 bp region in Rlt strain TA1.  The 
genes are grouped into operons by colour. The size and orientation of the genes is to scale. The 
grey arrows indicate the locations of the nod-boxes which are represented by grey boxes. Strains 
CC275e and WSM1325 showed a similar arrangement. 
 
3.2.2.2 Conservation of the nodA and nodF nod-box promoters in three Rlt 
strains  
The nod-box promoter regions upstream of the nodABCIJ and nodFERL operons were 
highly conserved yet some variation was apparent between the three strains (Figure 
3.4). There was strong conservation of the 46-bp nod-box motif which consists of a 
palindromic repeat (AT-N10-GAT) and includes a LysR motif (T-N11-A) required for NodD 
binding (Goethals et al., 1992). In addition, conservation was observed at the region 15 - 
16 bp downstream of the nod-box containing the sequence AT(T)AG previously 




Figure 3.4 Nucleotide sequence alignment of six promoter regions from the three strains of interest.  The promoter regions upstream of nodA 
and nodF genes including the start codons (boxed in green) were aligned using Geneious. The top line indicates the consensus, and the nucleotides 
highlighted show points of variation. The conserved canonical nod-box motifs are boxed in red. The conserved AT(T)AG sequences are boxed in 
yellow. The nodD start codons are boxed in blue. The transcriptional start sites determined for Rlv nodA and nodD are shown in a purple and brown 




3.2.3 Construction of nod-box promoter-lacZ 
transcriptional fusion reporter plasmids  
Transcriptional fusions of the promoter regions preceding nodA and nodF, to lacZ were 
constructed using the vector pSDZ (Figure 3.5). PCR was used to amplify 369 bp and 
330-331 bp fragments containing the nod-box promoter region from the nodABCIJ and 
nodFERL operons, respectively, from strains TA1, WSM1325 and CC275e (Figure 3.6). 
Primer sequences are given in Table 2.4. The size and region spanned by the PCR 
products were identical for all strains, with the exception of the nodF PCR fragment of 
CC275e which was 331 bp. Restriction sites (BglII and XhoI) were incorporated into 
primers to facilitate ligation into pSDZ in the correct orientation to create 
transcriptional fusions between the promoter regions and lacZ. The right hand primer of 
each construct included a sequence containing stop codons in all three frames to remove 
the possibility of forming an aberrant translational fusion.  
 
Figure 3.5 Genetic map of plasmid pSDZ.  The location of the lacZ gene is shown along with 
the lacZ cloning cassette containing the restriction sites used in the constructions. A ribosomal 




To check that there were no sequence errors in the inserts, the constructs were 
sequenced and confirmed using a lacZ-specific primer. The individual constructs were 
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Figure 3.6 Agarose gel electrophoresis of PCR amplified products and digested vector DNA 
used for the construction of the nod gene promoter reporter constructs.  M represents λ 
HindIII/фX174 HaeIII DNA standard marker. DNA marker sizes are indicated in kb. A) Lane 1, 
TA1 PnodA; lane 2, WSM1325 PnodA; lane 3, TA1 PnodF; lane 4, WSM1325 PnodF; lane ,5 





3.2.4 DHF concentration gradient assay of the TA1, CC275e 
and WSM1325 nodA promoters 
In order to investigate the dynamic range of the promoters in response to DHF 
concentration, strains TA1, WSM1325 and CC275e containing homologous PnodA-lacZ, 
fusions were assayed using DHF concentrations ranging from 10 nM to 100 µM (Figure 
3.7), as the sensitivity of rhizobia to flavonoid inducers is very broad and ranges from 
low nM up to 100 µM concentrations (Redmond et al., 1986). TA1-PnodA-lacZ expression 
increased exponentially in response to increasing concentrations of DHF up to 10 µM, 
with a peak expression level at approximately 25 µM. From that point the expression 
plateaued until a slight decrease at 100 µM. The assays for CC275e-PnodA-lacZ and 
WSM1325-PnodA-lacZ revealed low-level induction in response to the range of 
concentrations that were assessed. The results obtained reflected the trend observed 
with TA1, where expression rose rapidly until it peaked at around 25 µM. 
The concentration of flavonoids used in subsequent expression assays (10 µM) was 
selected as it produces a large response, whilst minimising DMSO concentration, which 
never exceeded 1% (v/v) of broth, and had no observable effect on growth rate. 
 
Figure 3.7 The β-galactosidase activity of the nodA promoter in three Rlt strains following 
exposure to various concentrations of the flavonoid inducer DHF.  A) Strain TA1-PnodA-lacZ. 
B) Strain CC275e-PnodA-lacZ. C) Strain WSM1325-PnodA-lacZ. Each point represents triplicate data, 





3.2.5  Varying induction of the ‘common’ and host-specific 
nod genes of three Rlt strains  
β-galactosidase assays were performed on strains containing homologous nodA- and 
nodF-lacZ transcriptional fusions (Table 2.1) using cultures grown in TY medium in the 
presence of synthetic flavonoids (Figure 3.8). Each flavonoid was solubilised in DMSO; 
therefore DMSO-only negative control samples were included. The flavonoids utilised 
fall under three different classes: 7,4’-dihydroxyflavone (DHF) and luteolin are flavones, 
naringenin is a flavanone, and daidzein is an isoflavone. DHF, as expected from previous 
studies (Redmond et al., 1986), was the most potent nod gene inducer, followed by 
luteolin and then naringenin. Daidzein showed slight induction of TA1-PnodA-lacZ, but 
had no significant effect on the rest of the strains (Figure 3.8).  
The data revealed significant differences in nod gene expression between the three 
strains. Strain TA1 showed the highest level of induction for the nodA promoter but 
relatively low expression for the nodF promoter. On the whole, nodA induction was 
higher than nodF induction across the three host background strains. Strain WSM1325 
was the exception, where nodF was induced strongly, almost equal to the level observed 
from the WSM1325 nodA promoter. In the other two strains, the expression from the 
nodF promoter was substantially less than from the nodA promoter. 
Of the four synthetic flavonoids assessed, induction was greatest from DHF, which was 






Figure 3.8 Effect of four synthetic flavonoids on the activity of the homologous nodA and nodF promoters in the three Rlt strains 
investigated.  The concentration of each flavonoid was 10 µM. The values shown are the mean of three independent assays. The error bars represent 
the SEM and the asterisks indicate significant difference from the water-only control (One-way ANOVA with Dunnett’s multiple comparisons post hoc 
test, * P < 0.05, *** P < 0.001, **** P < 0.0001). A) Expression from the nodA promoter. B) Expression from the nodF promoter. 
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3.2.6  Both the specific promoter and the host background 
influence nod gene expression 
Expression assays were performed to compare strains containing homologous and 
heterologous PnodA-lacZ and PnodF-lacZ fusions, using cultures grown in TY broth with 10 
µM DHF (Figure 3.9A & B). The TA1 background provided the highest level of DHF-
inducible expression for all plasmids assessed. CC275e and WSM1325 PnodA-lacZ 
plasmids showed levels of induction 3.5-fold and 2.3-fold higher in TA1 than in their 
cognate backgrounds, respectively (Table 3.2). Additionally, expression from the TA1 
promoter was stronger in WSM1325 and CC275e relative to that observed for the 
cognate nodA promoters from those strains (Figure 3.9A, Table 3.3). Expression of TA1 
PnodF-lacZ was poor in both its homologous background and in WSM1325 and CC275e. 
Expression from WSM1325 PnodF-lacZ was the greatest of the nodF promoters observed 
and increased significantly (3-fold) in TA1, a 9-fold increase in expression relative to the 
TA1 PnodF-lacZ plasmid (Table 3.4, & Table 3.5). CC275e PnodF-lacZ expression was also 
elevated 1.4-fold in the TA1 background (Table 3.5), although overall expression from 
this promoter was still low. 
These results suggest the variation in the expression levels from the two promoters is 
dependent, at least in part, on the host background. However, even though the nod-box 
promoter motifs are highly conserved, it is clear that expression levels observed were 




Figure 3.9 β-galactosidase expression in strains TA1, CC275e and WSM1325 containing 
homologous and heterologous PnodA-lacZ and PnodF-lacZ promoter plasmids in response 
to 10 µM synthetic DHF.  A) Strains containing PnodA reporter plasmids. B) Strains containing 
PnodF reporter plasmids. The values shown are in Miller units and are the mean of three 




Table 3.2 The ratio of expression levels comparing the homologous nodA promoter 
strains with the heterologous strains.  This table highlights the effect of the host background 
on the various nodA promoters.  
nodA origin  Host background Average Miller Units Expression ratio 
CC275e PnodA CC275e 107.53 1 
CC275e PnodA TA1 382.03 3.55 
WSM1325 PnodA WSM1325 398.90 1 
WSM1325 PnodA TA1 916.58 2.3 
TA1 PnodA TA1 1202.30 1 
TA1 PnodA CC275e 324.77 0.27 
TA1 PnodA WSM1325 947.21 0.79 
* The values are relative to the homologous strains, which have a designated value of 1. 
 
Table 3.3 The ratio of expression levels comparing the homologous nodA promoter 
strains with the heterologous strains.  This table highlights the effect of the specific 
promoters across host backgrounds.  
Host background  nodA origin Average Miller Units Expression ratio 
TA1 TA1 PnodA 1202.30 1 
TA1 WSM1325 PnodA 916.58 0.76 
TA1 CC275e PnodA 382.03 0.32 
CC275e CC275e PnodA 107.53 1 
CC275e TA1 PnodA 324.77 3.02 
WSM1325 WSM1325 PnodA 398.90 1 
WSM1325 TA1 PnodA 947.21 2.37 




Table 3.4 The ratio of expression levels comparing the homologous nodF promoter 
strains with the heterologous strains of TA1 and WSM1325.  This table highlights the effect 
of the host background on the expression of the constructs.  
Host background  nodF origin Average Miller Units Expression ratio 
TA1 TA1 PnodF 93.23 1 
TA1 WSM1325 PnodF 901.33 9.67 
TA1 CC275e PnodF 51.56 0.55 
CC275e CC275e PnodF 35.42 1 
CC275e TA1 PnodF 46.14 1.3 
WSM1325 WSM1325 PnodF 294.56 1 
WSM1325 TA1 PnodF 49.59 0.17 
* The values are relative to the homologous host, which have a designated value of 1. 
 
Table 3.5 The ratio of expression levels comparing the homologous nodF promoter 
strains with the heterologous strains of TA1 and WSM1325.  This table highlights the effect 
of the specific promoter regions across host backgrounds.  
nodF origin Host background Average Miller Units Expression ratio 
TA1 PnodF TA1 93.23 1 
TA1 PnodF WSM1325 49.59 0.53 
TA1 PnodF CC275e 46.14 0.49 
CC275e PnodF CC275e 35.42 1 
CC275e PnodF TA1 51.56 1.46 
WSM1325 PnodF WSM1325 294.56 1 
WSM1325 PnodF TA1 901.33 3.06 
* The values are relative to the homologous host, which have a designated value of 1. 
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3.2.7 Root exudate induced nod gene expression 
The aim of these experiments was to use an in vitro assay to attempt to observe 
induction of the nod gene promoters equivalent to in vivo white clover rhizosphere 
induction. This was to investigate the expression of the nodA and nodF promoters in 
response to the cocktail of flavonoids produced by the plant, rather than synthetic 
flavonoids in isolation. However, there was an issue in the collection of the root exudate, 
due to contaminants from under the seed coat growing in the water following 
germination of the seeds. This resulted in a thick suspension of bacteria instead of a 
sterile exudate sample and likely reduced the potency of the exudate.  
The exudates were prepared as detailed in section 2.12.7.1, and used as a treatment in β-
galactosidase assays performed on Rlt strains. Initially, root exudate batches were 
examined for the optimal concentration to apply as treatment using Rlt strain TA1 
containing the PnodA-lacZ plasmid (Figure 3.10A & B). Overall only a small induction of 
the nodA promoter in strain TA1 was observed relative to the results using synthetic 
DHF (section 3.2.5). It appeared that 250 µg/ml of exudate was the optimum 
concentration for nodA induction.  
Root exudate-induced nodA and nodF expression in the three Rlt strains using 250 µg/ml 
exudate was low compared with the results using synthetic inducers, but the general 
trend was similar (Figure 3.10C & D). There was some fluctuation between experiments 
due to batch-dependent effects from the different exudate preparations. The TA1 nodA 
promoter showed the highest level of expression but no significant expression was 
observed from the TA1 nodF promoter. CC275e showed no induction of either promoter. 
WSM1325 showed significant expression from both the nodA and nodF promoter, and 
the expression level from the nodF promoter was the highest, relative to the negative 




Figure 3.10 β-galactosidase assay of Rlt strains in response to white clover root exudate.  
A & B) Rlt strain TA1 nodA promoter induction in response to various concentrations of root 
exudate. A and B are separate as they were performed using unique batches of exudate 
preparations. C) Induction of the nodA promoters of strains TA1, CC275e and WSM1325. D) 
Induction of the nodF promoters of strains TA1, CC275e and WSM1325. Error bars represent ± 
the SEM. Significance was calculated using a paired t test relative to the negative control, * P < 





3.2.8 Competitive ability of the three wild-type strains 
The experimental work in this section was performed in our laboratory by Anthony 
Major who provided the raw data. The presentation and interpretation of the results are 
my own work.  
3.2.8.1 Competition studies 
The pairwise competitive ability of the three strains of Rlt was investigated on white 
clover, red clover and sub clover (Figure 3.11) (section 2.12.8.1). The competitive ability 
of each strain varied depending on the opposition strain and the clover species on which 
they were competing.  
WSM1325 was the most competitive strain on sub clover in comparison with both TA1 
and CC275e, accounting for approximately 75% of nodule occupancy in both instances. 
WSM1325 however showed a severe competitive disadvantage on red clover. In 
competition with TA1, WSM1325 was dominant in less than 2% of red clover nodules, 
although 26% of nodules revealed dual occupancy. Compared with CC275e, WSM1325 
was even less competitive on red clover, again being the dominant strain in less than 2% 
of nodules with only 6% of nodules revealing dual occupancy. On white clover 
WSM1325 was outcompeted by approximately 80% and 65% by CC275e and TA1, 
respectively.  
CC275e revealed a competitive advantage on red clover, where it was the dominant 
strain in approximately 93% of nodules and 55% of nodules compared with WSM1325 
and TA1, respectively. On white clover CC275e displayed a distinct competitive 
advantage over WSM1325, dominant in 80% of nodules, however it was slightly out-
competed by TA1, where it occupied 45% of nodules. 
TA1 revealed a more balanced competitive ability across the three clover species. On 
white clover, TA1 was more competitive than both CC275e and WSM1325 accounting 
for 55% and 69% of nodule occupancy, respectively. On red clover TA1 was 
outcompeted by CC275e, yet was significantly more competitive than WSM1325, 
dominant in 80% of nodules compared with WSM1325. On sub clover TA1 out-
competed CC275e; however TA1 was considerably disadvantaged compared with 
WSM1325 which was dominant in 75% of nodules.  
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Across the three species, TA1 and CC275e appeared relatively equivalent in competitive 
ability. In contrast, WSM1325 displayed a significant disparity in competitive ability 
dependent on the host. 
 
Figure 3.11 Competitive ability of Rlt strains TA1, WSM1325 and CC275e.  The data are 
represented as the proportion of nodule inhabitants determined by PCR following the addition 
of pairwise 1:1 inocula on three species of clover. The top 5 nodules from 25 plants were 
assayed for each 1:1 strain comparison. A) Competitive ability on white clover. B) Competitive 
ability on red clover. C) Competitive ability on sub clover. The number of nodules successfully 
investigated for strain occupancy is indicated above the column. Raw data provided by A. Major.  
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3.2.9 The WSM1325 nodFERL operon 
Strain WSM1325 was the only strain that showed high levels of expression from the 
nodF promoter. Given the nodFERL operon is a key mediator of host specificity (section 
1.6.2.4), we wished to determine whether the nodFERL region of strain WSM1325 was 
responsible for a host-specific advantage, especially on sub clover. To investigate its 
role, the WSM1325 nodFERL operon including the upstream promoter region was 
amplified and cloned into a vector to facilitate studying its effect in the other Rlt strains. 
3.2.9.1 Cloning the WSM1325 nodFERL region  
The primer pair WSMnodFERL fwd and WSMnodFERL rev was used to amplify a 3094 
bp fragment containing the nodFERL operon and promoter, which was cloned into 
pFAJ1700 using the BamHI and EcoRI sites incorporated in the primers. The successful 
plasmid construct was identified using PCR (Figure 3.6). The resultant plasmid, 
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Figure 3.12 Agarose gel electrophoresis of PCR amplified products of the 
WSM1325nodFERL operon.  M represents λ HindIII/фX174 HaeIII DNA standard marker. DNA 
marker sizes are indicated in kb. Lane 1, positive control showing the PCR amplified WSM1325 
nodFERL operon using phenol/chloroform DNA preparation as template; Lane 2, confirmation of 
the WSM1325 nodFERL operon PCR amplified insert using DNA isolated from the transformed E. 
coli EPI300 clone as template.  
 
3.2.9.2 Symbiotic phenotype of WSM1325nodFERL recipient strains 
TA1 and CC275e containing pWSMFERL were inoculated onto white, red, and sub clover. 
The nodulation kinetics (data not shown) and wet weights (Figure 3.13) from both 
transconjugant strains on the three species of clover were not statistically different from 
the controls, suggesting that the introduced WSM1325nodFERL region conferred no 




Figure 3.13 Wet weight data for three species of clover 42 day post inoculation with strains 
of Rlt heterologously expressing the nodFERL operon from strain WSM1325.  A) TA1 on 
white clover; B) CC275e on white clover; C) TA1 on red clover; D) CC275e on red clover; E) TA1 on sub 
clover; F) CC275e on sub clover. The error bars represent the SEM and significance was determined 
using one-way ANOVA with Tukey’s multiple comparisons post hoc test, ns = no significance.  
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3.2.9.3 Construction of nodFERL markerless deletion mutants of strain 
WSM1325 and TA1 
To further investigate the role of the nodFERL operon on symbiotic properties and 
competitive ability, mutants with markerless deletions of this operon were constructed 
in strains WSM1325 and TA1. The markerless deletion strategy is outlined in section 
2.11.1.  
Gibson reactions were used to generate the markerless deletion constructs (section 
2.11.1.1) consisting of the 1.1-kb and 1.3-kb flanking arm regions (Figure 3.14A). The 
primer sets, TA1 nodFERL LL/TA1 nodFERL RR and WSM nodFERL mutant LL/WSM 
nodFERL mutant RR, were used in a PCR screen, using plasmid DNA as template, to 
amplify a 2344 bp and 2323 bp product representing the correct size insert for the TA1 
and WSM1325 mutant construct, respectively (Figure 3.14B & C). 
The isolation of the markerless deletion mutants is detailed in section 2.11.1.3. 
Exconjugant DNA was subjected to PCR using primer sets TA1FERL SXOcheck 
fwd/TA1FERL SXOcheck rev and WSMFERL SXOcheck fwd/WSMFERL SXOcheck rev 
that amplify across the site where the arms join for TA1 and WSM1325, respectively. 
The successful SXO event was identified in clones where both a wild-type and deletion 
variant allele were amplified (Figure 3.14D). Following the DXO event, confirmation of 
the markerless deletion mutants was performed by PCR using the SXO flanking primers 
(Figure 3.14E & F). Successful deletion mutant clones amplified a 354 bp and a 347 bp 
product for TA1 and WSM1325, respectively.  
3.2.9.4 Complementation of nodFERL mutants 
To ensure the observed effects were a direct result of deletion of the target gene operon, 
the complementation plasmid pTA1FERL was constructed. The primer pair TA1 
nodFERL complementing fwd and TA1 nodFERL complementing rev (Table 2.4) was 
used to amplify a 3115 bp fragment containing the nodFERL operon and native 
promoter which was cloned into pFAJ1700 using the BamHI and EcoRI sites 
incorporated in the primers. The resultant plasmid was confirmed via DNA sequencing 
and transferred to TA1ΔnodFERL and WSM1325ΔnodFERL. The construct pWSMFERL 
was also introduced into TA1ΔnodFERL, to further investigate any effect of the 
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Figure 3.14 Agarose gel electrophoresis of PCR amplified products during the 
construction of TA1ΔnodFERL and WSM1325ΔnodFERL markerless deletion mutants.  M 
represents λ HindIII/фX174 HaeIII DNA standard marker. DNA marker sizes are indicated in kb. 
A) Lanes 1-2 represent the left and right arm for the TA1ΔnodFERL deletion construct, and lanes 
3-4 the left and right arm for the WSMΔnodFERL deletion construct, respectively. B & C) PCR 
products amplified from clones containing pJQ200SK::nodFERL deletion constructs. B) Lanes 1 – 
9 shows deletion constructs for strain TA1. C) Lanes 1 – 9 shows deletion constructs for strain 
WSM1325. D) PCR confirmation of SXO clones containing a wild-type band of ~3200 bp and a 
deletion variant of ~350 bp. Lane 1 represents a TA1  positive control. Lanes 2 – 5 represent 
GmR clones containing the TA1ΔnodFERL pJQ200SK construct. Lane 6 represents a WSM1325 
phenol/chloroform positive control. Lanes 7 - 10 represent GmR clones containing the 
WSMΔnodFERL pJQ200SK construct. E & F) PCR confirmation of the DXO event where clones 
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should contain either a ~3200-bp wild-type band or a ~350-bp band representing the deletion 
variant. E) Lanes 2 -13 represent TA1ΔnodFERL clones. F) Lanes 2 -13 represent 
WSM1325ΔnodFERL clones. 
3.2.10 Impact of the deletion of the nodFERL operon is 
strain and host-dependent 
3.2.10.1 WSM1325ΔnodFERL and TA1ΔnodFERL on white clover, red clover 
and sub clover 
The nodFERL markerless deletion mutants of TA1 and WSM1325 were inoculated onto 
white, red and sub clover and the nodulation kinetics and wet weights were recorded 
(Figure 3.15, Figure 3.16 & Figure 3.17). The deletion of the nodFERL operon had an 
impact on the nodulation of all three clovers by both strains, but to a varying extent 
depending on the host. TA1ΔnodFERL showed a reduction in nodulation capability on 
white clover both in terms of kinetics of nodulation and the total number of nodules 
formed. Nodulation was more severely impacted on red clover, and almost eliminated 
on sub clover. In strain WSM1325, deletion of nodFERL eliminated nodulation of all 
three species of clover, with the exception of a single sub clover plant forming one 
nodule at day 35.  
Complementation of TA1ΔnodFERL with pTA1FERL restored the mutant essentially to a 
TA1 wild-type phenotype on the three species. However, the wet weight of the sub 
clover plants inoculated with the complemented TA1 mutant was significantly increased 
relative to the wild-type on sub clover. The complementation of WSM1325ΔnodFERL 
restored the WSM1325 wild-type phenotype, except on white clover where the 
complemented WSM1325 mutant showed impaired nodulation that more closely 
resembled the TA1ΔnodFERL mutant than WSM1325 wild-type (Figure 3.15).  
We wished to determine whether the difference in the nodulation kinetics between TA1 
and WSM1325 could be explained by the host-specific nod genes themselves. To do this, 
pWSMFERL, was introduced into the TA1ΔnodFERL mutant strain. The heterologous 
strain revealed nodulation kinetics and wet weights that were almost indistinguishable 
from the TA1 wild-type data on all three species of clover (Figure 3.15, Figure 3.16 & 




Figure 3.15 Various TA1 and WSM1325 strains inoculated on white clover.  A) Average 
number of nodules per plant; B) Percentage of plants nodulated; C) Wet weights 42 dpi. The 
error bars represent the SEM. Asterisks indicate significant difference determined using one-






Figure 3.16 Various TA1 and WSM1325 strains inoculated on red clover.  A) Average 
number of nodules per plant; B) Percentage of plants nodulated; C) Wet weights 42 dpi. The 
error bars represent the SEM. Asterisks indicate significant difference determined using one-





Figure 3.17 Various TA1 and WSM1325 strains inoculated on sub clover.  A) Average 
number of nodules per plant; B) Percentage of plants nodulated; C) Wet weights 42 dpi. The 
error bars represent the SEM. Asterisks indicate significant difference determined using one-





3.2.10.2 WSM1325ΔnodFERL and TA1ΔnodFERL on eight cultivars of clover 
To further investigate the host specificity conferred by nodFERL, TA1, WSM1325 and 
their ΔnodFERL mutants were inoculated onto eight previously untested cultivars from 
five Trifolium species. A small collection of seed of the species was received from Dr. 
Andrew Griffiths who obtained them on our behalf from the Margot Forde Germplasm 
Centre, AgResearch, Palmerston North. Due to the low number of seeds available, the 
number of replicates in the following work was lower than would usually be performed 
for nodulation assays. The germination rate of seed from many of these species was low 
and the seed required a different surface-sterilisation procedure (section 2.12.1.2) to 
successfully imbibe the seeds and promote germination. 
The results (Figure 3.18) showed that on the majority of the clover cultivars TA1 formed 
slightly more nodules than WSM1325. WSM1325 appeared to be superior only on T. 
pallescens 6428 (Figure 3.18B). WSM1325 appeared to be inferior to TA1 at nodulating 
most of the lines tested. On all cultivars tested, the deletion of the nodFERL operon 
negatively impacted the number of nodules formed in both strain backgrounds, with one 
exception of T. uniflorum cv. 7202 which showed a large variation between plants. It is 
interesting that deletion of this operon appeared to have a more detrimental impact on 
WSM1325 than on TA1 on five of the eight lines: T. repens Grasslands, T. nigrescens 
5839, T. pallescens 6428, T. uniflorum 7202, and T. occidentale 1204. In no instance was 
the impact of nodFERL deletion on nodulation worse for TA1 compared with WSM1325. 
Taken together, the nodulation kinetics across the eight lines of clover exposed an 





Figure 3.18 Nodulation kinetics of TA1 and WSM1325 and their ΔnodFERL mutant strains 
on eight cultivars of clover, across five different species.  A) Trifolium repens; B) Trifolium 
pallescens; C – E) Trifolium nigrescens; F) Trifolium uniflorum; G –H) Trifolium occidentale. The 
number of plants tested for each strain is indicated by n. The error bars represent the SEM.  
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3.2.11 Competitive ability of WSM1325ΔnodFERL and 
TA1ΔnodFERL  
The competitive ability of the nodFERL mutants was investigated relative to the wild-
type strain using the vector-based competition assays developed by Anthony Major 
(section 2.12.8.2). The plasmids pAMNGUSA and pAMNCELB were each introduced into 
both wild-type and mutant strain. The strains were subsequently inoculated onto white 
clover in 1:1 pairs, with one strain containing pAMNGUSA and the other containing 
pAMNCELB, as well as the reciprocal strain/vector combination. Only CelB was stained 
for, and therefore the relative proportion of CelB-stained nodules between the 
reciprocal pairs of strains was used to determine competitive ability. The nifH promoter, 
driving celB expression in pAMNCELB, originates from strain CC275e. The results in TA1 
and WSM1325, compared with other strains tested, indicate that this promoter may not 
express as well in these strains, resulting in a large proportion of partially blue nodules 
(Anthony Major, personal communication). Therefore, when assessing competitive 
ability, it was considered that partially blue nodules are simply poorly stained nodules 
containing the CelB marked strain. 
The results (Figure 3.19) showed that for both strains, deletion of the nodFERL operon 





Figure 3.19 The relative competitive ability of TA1 and WSM1325 wild-type strains 
compared with nodFERL mutants.  The percentage of nodule occupancy determined by the 
presence of blue/non-blue nodules following staining of white clover plants inoculated with 
pairs of Rlt TA1and WSM1325 strains in 1:1 ratio. The results for each pair of strains is the sum 
of the top five nodules formed on 10 plants. Therefore 50 nodules were counted for each pair of 
strains assessed. Data presented are the average of nodule counts performed by two 





3.2.12 A possible nod gene repressor in Rlt 
In an attempt to explain the complexity in the expression results observed in this study, 
the possibility of other nod gene regulators was explored. A putative homologue of a 
known repressor of nod gene expression in other rhizobia was identified in Rlt by 
bioinformatic analyses. 
Negative nod gene regulation was discovered in S. meliloti and found to be caused by a 
repressor termed nolR (Kondorosi et al., 1989; Kondorosi et al., 1991). A Basic Local 
Alignment Search Tool (BLAST) alignment revealed a homologue of nolR in Rlt strain 
TA1 that shared 75% nucleotide identity and 79% amino acid identity with nolR from S. 
meliloti 41. The putative nolR in Rlt was strongly conserved (Figure 3.20A), with 89 – 
99% nucleotide identity between nolR in TA1 and the other 12 Rlt strains on IMG. 
Furthermore, it is situated in what appears to be an operon (Figure 3.20B) conserved 
among Rlt strains and other rhizobial species including S. meliloti that is likely involved 
in adaptation to high osmolarity conditions (Figure 3.21). A conserved NolR operator 
binding sequence was defined as (A/T)TTAG-N(9)-A(T/A) (Cren et al., 1995). The 
sequences ATTAG, ATAG, or similar, are the first part of the putative NolR operator 
sequence. Interestingly, a conserved area of unknown function frequently occurring 9 - 
13 bp downstream of the nod-box promoters (Spaink et al., 1987) matches the NolR 
operator sequence. 
This operator sequence is strongly conserved in the nodA promoter region of the four 
strains of interest in this study which contain ATTAG-N9-AA, and it was less conserved 
in the nodF promoter region, consistent with the literature. The operator sequence 
downstream of nodF is ATAG-N9-AG, except for in strain WSM1325. The WSM1325 nodF 
promoter has a single bp deletion between the two parts of the putative operator, 










Figure 3.20 Conservation and location of NolR in Rlt.  A) Amino acid sequence alignment revealing the conservation of NolR from 13 strains of Rlt. 




Figure 3.21 The location of nolR shown in various strains and species of rhizobia and 





This study was undertaken as part of a large MBIE-funded project (Improving forage 
legume-rhizobia performance) to improve nitrogen fixation in New Zealand pastures. 
Our specific aim was to determine whether differences in expression of the two key nod 
gene operons in Rlt, nodABCIJ and nodFERL, contributed to the symbiotic efficiency and 
competitive ability of Rlt strains on three clover host species. It was hoped to be able to 
use the data to define a molecular marker that could be used as part of a screening 
system for competitive field strains of Rlt. The three Rlt strains, TA1, CC275e and 
WSM1325, were chosen as benchmark strains for the MBIE programme as all have been 
used as commercial inoculant strains in NZ. In addition, the three strains show different 
patterns of nitrogen-fixing efficiency on the three clover hosts included in the study 
(Figure 3.1 & Figure 3.2). The strains of interest also varied substantially in their 
competitive ability in a host dependent manner (Figure 3.11). 
There are many different nod genes found amongst rhizobia. Each species contains a 
different combination which results in species-specific variation in symbiotic potential 
and host specificity (Spaink, 2000). A lot of work in the literature demonstrates the 
difference in symbiotic potential conferred by specific nod genes between various 
species, but less is known about relative nod gene expression levels between strains of 
the same species and how modulating expression of these genes may impact relative 
symbiotic and competitive ability in competition. The ‘common’ nodABCIJ operon 
(section 1.6.2.3) and host-specific nodFERL operon (section 1.6.2.4) have distinct, yet 
key roles in NF production, and therefore were the focus of this chapter.  
Four synthetic flavonoids were investigated for the ability to induce nod gene 
expression; DHF, luteolin, and naringenin are well known nod gene inducers which have 
previously been demonstrated to activate Rlt NodD (Peck et al., 2006). Daidzein, also 
known as 4',7-Dihydroxyisoflavone, was included as it was shown to induce nodA 
promoter activity in some strains of Rlt (Maj et al., 2010). In the present study, daidzein 
induced a relatively low level of expression from the TA1 nodA promoter, and no 
expression in the other strains (Figure 3.8). Maj et al. (2010) isolated Rlt strains from the 
nodules of red clover which, unlike white clover, produces significant quantities of 
daidzein (Vetter, 1995; He et al., 1996), and likely explains this difference. Furthermore, 
earlier studies showed daidzein does not stimulate nod gene expression in Rlt (Zaat et 
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al., 1989) and no daidzein was present in white clover exudates (Redmond et al. (1986). 
These conflicting reports suggest the original host of the Rlt isolate impacts the inducer 
response observed, reflecting adaptation of the bacterium to the host, which is 
interesting as it demonstrates the evolutionary plasticity of Rlt. 
The flavonoid-mediated induction of the nodABCIJ operon between the three strains 
showed substantial differences. The gradient assays (Figure 3.7A, B & C) demonstrated 
that the variation in promoter induction was a property of the host strain, and not the 
inducer concentration applied. TA1 displayed significantly higher expression from the 
nodA promoter than the other strains assessed (Figure 3.8A). Compared with TA1, DHF-
induced expression of WSM1325 nodA was three-fold lower, while CC275e nodA was 
less than 10%. Low induction of the CC275e nodA promoter was unexpected given this 
strain is a white clover isolate, and DHF is the primary Rlt nod gene inducer produced by 
white clover (Redmond et al., 1986). Maj et al. (2010) also observed significant strain-
dependent variation in nodA expression across a range of rhizobial species and Rlt 
strains, but provided no explanation for the disparity. Thus the variation is likely due to 
other, as yet unidentified factors, as discussed below. In contrast to the TA1 nodA 
promoter, TA1 nodF promoter expression was very low (Figure 3.8B). Disproportionate 
nodA and nodF promoter expression was previously reported in Rlt (Redmond et al., 
1986; Djordjevic et al., 1987) and Rlv (Spaink et al., 1987), and CC275e displayed similar 
unequal expression (Figure 3.8A & B). However, expression of WSM1325 nodA and nodF 
promoters was remarkably similar (Figure 3.8A & B).  
Testing the promoter fusions in heterologous backgrounds revealed both a promoter 
and strain background effect. The three nodA promoters were induced most strongly in 
TA1, and the TAI promoter was the most strongly expressed promoter in all three 
backgrounds (Figure 3.9A). CC275e displayed no homologous nodF promoter 
expression, and no heterologous TA1 nodF promoter expression either (Figure 9B). 
However, there was slight CC275e nodF promoter induction in TA1. Heterologous nodF 
promoters exchanged between WSM1325 and TA1 revealed the TA1 nodF promoter 
expressed poorly in both hosts, whereas WSM1325 nodF promoter expression increased 
3-fold in TA1 (Table 3.5). The heterologous nodF promoter assays further implicate the 
strain background as a major factor determining induction levels of flavonoid-activated 
nod genes.  
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There are several possibilities that would explain the effect of host background between 
strains, and in particular, the superiority of TA1. Variation in the level of NodD 
produced, flavonoid recognition, the affinity of binding by NodD to nod-boxes or its 
interaction with RNAP could result in differing nod gene activation between strains. Also 
slight allelic differences exist in Rlt nodD which may affect NodD structure and hence 
impact nod gene expression. NodD is constitutively expressed (section 1.6.3.3) and the 
NodD1 promoters are conserved between TA1, CC275e and WSM1325 (Figure 4.17), 
therefore the level of NodD1 in the cell is presumably very similar from strain to strain. 
Moreover, complete conservation of the nodA nod-box motifs (Figure 3.4) and 
conservation of the N-terminal DNA binding region of NodD1 between strains suggests 
no variation in DNA binding by NodD1. It is possible that the variation in NodD1 
accounts for differing interaction with RNAP, but the most likely explanation is allelic 
variation of NodD1 between strains affects the affinity of NodD1 for binding the host-
produced flavonoids. Although NodD cannot be precisely separated into distinct 
functional regions (section 1.6.3.5), the majority of NodD1 variation between strains is 
present in the C-terminal end (Figure 4.1), which is usually involved in ligand binding by 
LTTRs (section 1.6.3.1). Additionally, nod gene activation is further complicated by the 
discovery that some Rlt strains, including TA1 and CC275e, encode a second functional 
copy of nodD, detailed in Chapter 4, and the copies of nodD2 also vary between strains. 
To complicate matters further, the heterologous expression results indicate a seemingly 
paradoxical promoter dependent effect (Figure 3.9). In contrast to nodA, the nodF 
canonical nod-box promoter between TA1 and WSM1325 contains two nucleotide 
variants (Figure 3.4), providing an explanation for the differences in nodF promoter 
dependent induction (Figure 3.8B). However, despite the findings by Maj et al. (2010), 
the variation observed in this study was surprising, since an alignment of the region 
preceding nodA revealed the canonical nod-box motif was identical between the strains 
of interest (Figure 3.4). Therefore the promoter effect is difficult to explain unless a 
region beyond the previously identified canonical nod-box is involved in regulation. The 
PnodA reporter plasmids all contain a 369 bp region, much larger than the 46 bp nod-
box promoter motif, therefore sequence variation outside of this conserved promoter 
motif could be impacting expression.  
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On sub clover WSM1325 displayed a distinct competitive advantage over the sub clover 
isolate, TA1 (Figure 3.11C). Since its isolation in 1955, TA1 has been utilised as a white 
clover inoculant strain and it seems the current isolate (obtained through the MBIE 
programme from the Australian inoculant manufacturer) may have adapted to compete 
effectively on white clover at the expense of competitive ability on sub clover. Moreover, 
TA1 decisively out-competed WSM1325 on red clover (Figure 3.11B), indicating TA1 
and CC275e share similar host specificity with a preference for perennial species such as 
red and white clovers. WSM1325 was isolated from an unknown annual clover species 
(Yates et al., 2005), and sub clover is also an annual species. Howieson et al. (2005) 
showed that phenological (relating to growth-cycle) barriers exist between annual and 
perennial clover species which are seldom crossed by inoculant strains, with very few 
capable of effectively nodulating both types of clovers. It appears that distinct nod gene 
expression profiles have evolved in Rlt to suit the host type, and that this might provide 
a genetic basis in Rlt for the phenological distinction. 
The elevated expression of WSM1325 nodFERL should result in more highly unsaturated 
NF that may confer an advantageous host-dependent competitive ability on sub clover. 
The NF produced by Rlv primarily contains C18:1 or C18:4 fatty acid groups and Rlv also 
produces a larger proportion of host-specific LCOs compared to Rlt NF (Spaink et al., 
1995), specifically LCOs with the C18:4 highly unsaturated fatty acid. The C18:4 LCOs 
are NodE-dependent, and nodE mutant strains produce NF containing only C18:1 fatty 
acids (Spaink et al., 1991). Interestingly, Djordjevic et al., 1985 showed some strains of 
Rlv and Rlt share the ability to nodulate sub clover, therefore WSM1325 and Rlv may 
produce NF of similar composition, with elevated nodFERL expression resulting in a 
larger proportion of LCOs containing multiply unsaturated fatty acids.  
To investigate whether the nodFERL operon conferred a host-specific symbiotic 
phenotype at the strain level, WSM1325 nodFERL was introduced in trans into TA1 and 
CC275e. However, no significant difference was observed between wild-type and the 
WSM1325 nodFERL containing strains (Figure 3.13). The recipients still contain their 
full array of cognate nod genes and it seems possible that the cognate NodA may 
preferentially attach more saturated fatty acids. This would result in little change to the 
NF pool in the presence of the WSM1325 nodFERL operon, and this type of specificity by 
NodA has been observed in other species (section 1.6.2.3). 
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To further investigate the role of the nodFERL operon, markerless deletion mutants 
were constructed in TA1 and WSM1325. Only the nodABCD genes are absolutely 
required for functional LCO production (Spaink et al., 1991); NF produced in the absence 
of nodFERL can contain non-polyunsaturated fatty acids, such as the C18:1 acyl group in 
place of highly unsaturated fatty acids, and will not contain O-acetyl groups usually 
attached by NodL (Bloemberg et al., 1995a; Downie, 1998) (section 1.6.2.4). The equal 
level of nodA and nodF expression in WSM1325 suggests most, if not all, NF produced 
would contain highly unsaturated fatty acids. Therefore in the absence of nodFERL, 
WSM1325 would be expected to produce little to no NF, especially if its NodA has a low 
affinity for fatty acids that are not poly-unsatuarated. The failure of the mutant to 
nodulate white clover is consistent with this explanation. In contrast, the low nodF 
promoter expression in TA1 should result in much less highly unsaturated LCOs and 
therefore TA1 is likely to produce significant quantities of LCOs with saturated or 
partially-saturated fatty acids. This was supported by the observations, particularly on 
white clover; WSM1325ΔnodFERL formed no nodules, whereas TA1ΔnodFERL 
nodulated 90% of plants by day 21 (Figure 3.15B). The nodulation kinetics across eight 
different cultivars (Figure 3.18) further demonstrated the disproportionately negative 
impact of removing nodFERL genes from WSM1325 relative to TA1.  
Several Rlt ANU843 nodFE Tn5 mutant strains were previously shown to be defective 
nodulators of white and red clover, but could nodulate sub clover. Furthermore, for Rlv 
to nodulate white clover the entire Rlt nodFERL operon was necessary, yet Rlv only 
required Rlt nodFE for sub clover nodulation (Djordjevic et al., 1985; Djordjevic et al., 
1986; Djordjevic and Weinman, 1991). In contrast, we found that the nodFERL operon of 
TA1 was more important for nodulation of sub clover than white clover (Figure 3.15 & 
Figure 3.17), suggesting Rlt nodFERL is more important for sub clover nodulation. The 
discrepancy is likely a reflection of the different strains investigated, where Djordjevic et 
al. (1986) focussed primarily on strain ANU843. In support of our findings, Surin and 
Downie (1989) showed nodulation of sub clover by Rlv was significantly enhanced by 
the presence of Rlt nodFEL, which was also noted by Djordjevic et al. (1986).  
The results thus far suggest the nodFERL operon primarily determines the distinct 
symbiotic host specificity between TA1 and WSM1325. There are several possibilities 
for the divergence in nodFERL-mediated symbiotic capability between strains: allelic 
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differences in the nodFERL genes, or variation in the relative nodFERL expression levels 
altering the composition of NF pools. The varied NF pool produced by each strain is 
most probable as WSM1325 will mostly produce highly unsaturated LCOs due to the 
high level of nodFERL expression. Unexpectedly, heterologous expression of WSM1325 
nodFERL in TA1ΔnodFERL essentially complemented TA1ΔnodFERL to a TA1 wild-type 
symbiotic phenotype (Figure 3.15, Figure 3.16 & Figure 3.17), not the WSM1325 wild-
type symbiotic phenotype anticipated. This is almost certainly due to the presence of 
cognate TA1 NodA, which may be less efficient at transferring the highly unsaturated 
fatty acids of WSM1325 origin to the TA1 backbone COs, therefore limiting the 
proportion of NF with unsaturated fatty acids. NodA of WSM1325 presumably has 
adapted to preferentially attach unsaturated fatty acids with two or more double bonds, 
whereas TA1 NodA has a preference for saturated or monounsaturated fatty acids such 
as C18:0 and C18:1. The specificity of NodA was observed in Rlv, where nodA was 
replaced with Bradyrhizobium nodA, which prevented transfer of nodFE-mediated 
highly-unsaturated fatty acids to the COs. Instead, LCOs contained common fatty acids, 
resulting in a nodulation-deficient phenotype on Vicia (Ritsema et al., 1996). Similarly, 
when S. meliloti nod genes were transferred to Rhizobium tropici, the recipient gained 
the ability to nodulate alfalfa. Inactivation of plasmid-borne S. meliloti nodA significantly 
reduced NFs containing S. meliloti unsaturated fatty acids which reduced alfalfa 
nodulation significantly, to a level similar to deletion of nodFE (Roche et al., 1996). 
An alignment of TA1 and WSM1325 nodA genes revealed 92% nucleotide identity. The 
amino acid similarity was 97%, with 4 substitutions. Of particular interest are the P103A 
and A157V substitutions from WSM1325 NodA to TA1 NodA. The NodA protein 
structures were predicted using Phyre2 (section 2.5) and showed that the Pro to Ala 
substitution occurs at the end of an α-helix and may alter the rigidity of the structure at 
that residue. Furthermore, the change from an Ala in WSM1325 to a Val in TA1 at 
residue 157 removes the presence of an α-helix in TA1 NodA (data not shown). This may 
be sufficient variation to prevent or reduce attachment of heterologous nodFERL-
mediated fatty acids, in which case NodA would alternatively attach a non-
polyunsaturated fatty acid intermediate from the normal biosynthetic fatty acid 
pathway (Spaink et al., 1991; Demont et al., 1993). This hypothesised specificity could 
be tested in future work by replacing nodA from TA1ΔnodFERL containing the 
WSM1325 nodFERL operon with WSM1325 nodA. 
119 
 
The absolute expression level of the heterologous WSM1325 nodF promoter in TA1 was 
similar to homologous TA1 nodA promoter expression. Consequently, the relative 
expression of the TA1 nodA and WSM1325 nodF promoters in TA1ΔnodFERL should be 
proportionally equivalent to wild-type WSM1325, where both promoters are induced 
almost equally (section 3.2.5). Therefore a similar large proportion of highly 
unsaturated LCOs should have been produced by TA1ΔnodFERL exogenously expressing 
WSM1325 nodFERL. Moreover, allelic variation of nodFERL between strains is minimal. 
The 5’ end of nodF to the 3’ end of nodL is 2527 bp and 2548 bp in WSM1325 and TA1, 
respectively. Comparing the two strains, nodE and nodR share 97% nucleotide identity 
and nodF and nodL share 98% nucleotide identity, with 97% nucleotide identity for the 
whole operon. This considerable conservation suggests the level of expression 
influenced the host specific divergence between strains to a larger extent than sequence 
variation. Surin and Downie (1989) showed Rlt gained the ability to nodulate Vicia 
hirsuta when expressing Rlv nodFEL, and the nodule number increased when Rlv nodFEL 
was introduced on a high copy plasmid. The authors suggest this reflects the importance 
of nod gene expression levels in nodulation, similar to our findings. 
A simple way to confirm that the increased nodFERL expression along with a compatible 
nodA is affecting NF production, and therefore competitive ability on sub clover, would 
be to increase the copy number of the cognate TA1 nodFERL genes in the TA1 
background. This was in-fact shown when TA1ΔnodFERL was complemented with TA1 
nodFERL. Complementation will substantially increase the copy number of the nodFERL 
genes, which would result in more highly unsaturated NF, similar to WSM1325. 
Strikingly, this complemented mutant strain was significantly increased in symbiotic 
proficiency on sub clover compared to wild-type (Figure 3.17C), and was equally 
effective compared with WSM1325. 
Taken together, the results indicate WSM1325 nodFERL provides a competitive 
advantage on specific hosts, due to elevated expression and a NodA adapted to attaching 
WSM1325-derived poly-unsaturated fatty acid groups resulting in highly-unsaturated 
LCOs. This suggests the level and composition of the NF pool of the strain relates to the 
symbiotic efficiency on a particular host, and there also appears to be a relationship 
between the competitive ability of a strain and its nitrogen fixing potential. Using MS it 
would be very interesting to determine the NF profile of complemented TA1ΔnodFERL 
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compared to wild-type TA1. It would also be interesting to determine whether the 
competitive ability of this strain has been enhanced versus WSM1325, compared to the 
competitive ability of TA1 versus WSM1325. 
Interestingly, TA1ΔnodFERL and WSM1325ΔnodFERL both displayed a similarly severe 
competitive disadvantage compared with wild-type on white clover (Figure 3.19). It has 
been reported that NF is produced in the absence of nodFERL genes and although 
nodulation is not completely inhibited, it is substantially affected (Downie, 1998). 
Therefore, despite the unbalanced influence of the nodFERL operon in nodulation 
kinetics between WSM1325 and TA1, this operon appears to be important for the 
competitive ability of both strains. This would suggest that at least a small amount of 
unsaturated fatty acid is required for successful nodulation of white clover. This is 
surprising given the low expression of nodFERL in CC275e which is highly competitive 
for white clover nodulation. It may be that white clover has a selection bias against 
strains without unsaturated fatty acid containing NF, and even a small amount may be 
sufficient. The idea of selective nodulation by the plant was suggested by Yates et al. 
(2008), who competed two Rlt strains on two species of legume, on which both Rlt 
strains were Nod+. However, each Rlt strain was only effective on one of the two hosts. 
In each case, the effective strain out-competed the ineffective strain for nodule 
occupancy, despite both being capable of successful nodulation. This selective 
nodulation may be a result of NF composition; therefore if the NF pool contains no 
unsaturated LCOs then the plant may be selecting against that strain. The idea of 
selective nodulation along with the results in this study are consistent with a single 
plant being capable of recognising different types of NF, which may be due to interaction 
with varying NF receptors capable of distinguishing the degree of saturation of the LCO 
that may act in a complex. Given that NF produced by a rhizobial strain is a pool of many 
different species, it would make sense that a combination of NF species need to be 
recognised by the plant for successful nodulation. 
NF is perceived by a heterocomplex of LysM receptors on the host (Poole et al., 2018) 
(section 1.7.1). There are a myriad of LysM receptor kinases encoded by legumes but the 
function is known for only a few. Furthermore, the role of acyl chains and decorations of 
NF in binding and signalling are currently unknown (Kelly et al., 2017). There are likely 
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to be more intricate receptor complexes involved in signalling and some receptor 
complexes may be adapted to specifically perceive the saturation of the LCO.  
The results in this work indicate that the amount of NF produced and the type of fatty 
acid chain may be crucial in determining host specificity between strains of the same 
rhizobial species. This suggests a system where multiple types of receptor exist that 
recognise the type and degree of fatty acid attached to NF and we hypothesise that in 
addition to an entry receptor, there may be a second cortical receptor with varied 
affinity for the degree of saturation of LCOs required for successful symbiosis. This idea 
of multiple NF receptors is not new concept. It has been proposed that there may be a 
low stringency recognition specificity of the entry receptor that allows recognition of 
basic or common NF allowing for preliminary infection. Successful infection then 
requires subsequent recognition by a second more stringent receptor, capable of 
discerning host-specific modifications of NF (Oldroyd, 2001a). 
Recently Kelly et al. (2018) proposed a system where NF signalling for entry was only 
one stage in the NF signalling dialogue. They propose that at discrete stages in 
symbiosis, different inducers and corresponding NF profiles are required for successful 
symbiosis. There are now several examples of compatibility scrutiny provided by 
additional receptors, for example the exopolysaccharide receptor EPR3, which requires 
the correct exopolysaccharide along with the correct NF for successful symbiosis 
(Kawaharada et al., 2015) (section 1.7.1.2). These extra recognition measures further 
refine host specificity but also act as a security measure, decreasing the likelihood of 
ineffective symbiosis or even pathogenic infection of the host.  
For white clover the results show that at least some polyunsaturated fatty acid is 
required for nodulation; therefore common unsaturated LCOs (section 1.6.2.4) may be 
recognised by a low stringency entry receptor which requires LCOs with at least 1 
double bond. The LCOs of all three wild-type strains would therefore be capable of 
recognition by white clover, in line with observations (Figure 3.1). This hypothesis is 
supported by the nodFERL mutant results. WSM1325 is unlikely to produce any NF in 
the absence of nodFERL and WSM1325ΔnodFERL was unable to nodulate white clover. 
In contrast, TA1 should produce common LCOs containing saturated fatty acids with 0 
or 1 double bond, even in the absence of nodFERL, due to the high level of expression of 
the nodABC genes involved in general NF backbone synthesis. This would explain why 
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TA1ΔnodFERL was capable of reduced nodulation of white clover in the absence of 
nodFERL, as a second cortical receptor with a preference for LCOs containing saturated 
fatty acids with 0 or 1 double bond would still recognise TA1ΔnodFERL LCOs. 
For red clover, it seems to be a similar situation as for white clover; however the cortical 
receptor appears to require a low level of saturated fatty acid signal. This may explain 
why WSM1325 shows reduced nodulation on red clover, as the majority of WSM1325 
LCOs would be poly-unsaturated and incompatible with the red clover entry receptor. 
However, the few saturated LCOs containing 1 double bond would permit the delayed 
nodulation observed, and because there is only a small portion of saturated LCOs 
produced, the cortical receptor signalling remains low allowing semi-effective 
symbiosis. TA1 on the other hand provides the right entry signal allowing for nodulation 
similar to CC275e, but overwhelms the cortical receptor resulting in largely ineffective 
nodules. This also suggests that high NF production is not necessarily always a positive 
attribute in signalling.  
On sub clover the cortical receptor may require poly-unsaturated fatty acid containing 
LCOs. Therefore, wild-type CC275e forms nodules on sub clover that are entirely 
ineffective suggesting that the NF are recognised by the entry receptor and initiate 
signalling, but the lack of highly unsaturated fatty acids that are required for the cortical 
receptor prevents subsequent infection by CC275e. This is supported by the nodFERL 
mutant data where almost no nodules formed on sub clover, and the few formed by TA1 
were ineffective (Figure 3.18). The complemented TA1ΔnodFERL mutant result also 
supports this idea, as increased nodFERL expression in the TA1 background resulted in 
fully effective symbiosis with sub clover.  
Another aspect to consider with the idea of a secondary receptor is the presence of 
NodD2 in the two perennial clover nodulating Rlt strains (see Ch. 4). As discussed 
earlier, there appears to be a clear phenological distinction between annual and 
perennial clovers. There is also a strong correlation between the presence of NodD2 in 
an Rlt strain and its capacity to nodulate perennial clover species (section 4.2.13.3.2). 
This further suggests a compatibility mechanism conferred by NodD2 that has evolved 
in perennial nodulating Rlt species for effective symbiosis. This compatibility 
mechanism is analogous to that proposed by Kelly et al, 2018, where the two copies of 
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M. loti nodD are crucial for the distinct stages of signalling. This role of Rlt NodD2 is 
discussed in detail in Chapter 4. 
In support of the hypothesis that varied induction of the nod genes will reflect variation 
in the NF pools produced, a study by Professor Jane Thomas-Oates (University of York) 
in association with the Ronson laboratory used high performance liquid 
chromatography along with MS to determine the NF structure of Rlt strains CC283b and 
CC275e (unpublished results). Many NFs were produced, with ~48 and 45 different NF 
species from CC283b and CC275e, respectively. The NFs varied in GlcNAc backbone 
length, type of fatty acyl group and O-acetylation of the reducing and non-reducing 
terminal GlcNAc residues. CC275e primarily produced NF containing acyl chains that 
were highly saturated or only partially saturated with 0, 1 or 2 double bonds, which 
corresponds with the poor nodF promoter expression observed in that strain.  
Unfortunately we are yet to determine the LCO structures of WSM1325 or TA1 but in the 
future the composition and quantity of the NF pools produced by the three strains in this 
study should be determined in order to inform the hypotheses advanced in this work. 
Moreover, ascertaining the NF profiles of the various nodFERL mutant strains would 
determine whether more nodFERL-mediated NF species are produced by WSM1325 
relative to TA1. It would also reveal whether WSM1325 produces any strain-specific NF 
species. 
One perplexing aspect is the divergent expression levels of the nod genes between 
CC275e and TA1, despite very similar competitive ability on white clover. Although 
lower overall, the CC275e relative ratio of nodA and nodF operon expression appears 
similar, therefore the composition of the NF pool may be similar. Yet elevated nod gene 
expression observed in TA1 is expected to equate to increased NF production. In Rlv 
there was a correlation between nod gene induction and actual NF produced. Induction 
of an Rlv nodC-lacZ fusion in strains TOM and 8401 in response to hesperetin revealed a 
>10-fold difference in β-galactosidase activity between strains, which correlated 
strongly with the amount of NF produced (Firmin et al., 1993). It seems likely that the 
significantly increased NF production in TA1 would result in an advantage in early NF 
signalling in the rhizosphere where an increased NF concentration would be beneficial. 
However in the lab setting in a 1:1 strain ratio with large numbers of inoculant cells, the 
advantage conferred by increased NF production may be negligible. Competition studies 
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could be performed using uneven inoculation ratios of 1:10 or 1:100 that should resolve 
whether increased NF provides an early advantage. 
On red clover, it seems that a low level of NF may be very important. On some hosts, low 
nod gene expression, and perhaps minimal NF production, may be advantageous. 
CC275e provided little nod gene induction (section 3.2.5), however, on red clover it was 
slightly more competitive than TA1, and substantially superior to WSM1325 (Figure 
3.11B) and it was the only strain to form fully-effective nodules. The negative impact of 
overproduction of NF has been reported previously; Castillo et al. (1999) noted that an 
increase in nodABC gene copy number of S. meliloti to approximately 6 resulted in an 
overproduction of NF which displayed a negative symbiotic effect, reducing N-fixation 
and plant growth. A similar negative impact on infection due to NF overproduction was 
suggested by Kelly et al, 2018; NF can induce ethylene production in L. japonicus (Reid et 
al., 2017), and overproduction of NF may cause inhibition of successful infection, as 
ethylene is known to inhibit IT formation and signalling in symbiosis (Oldroyd et al., 
2001b). To test this theory, a nodIJ mutant could be constructed in TA1. This would 
reduce the overall NF secreted (section 1.6.2.3) and should result in the formation of 
more effective nodules on red clover. Alternatively, it might be possible to increase NF 
production in CC275e by adding the nodDABC genes from TA1. 
The nod gene activation was subsequently investigated in response to actual plant 
signals. Unfortunately, exudates prepared were heavily contaminated and therefore 
depleted of nod gene inducing compounds. Still, the exudate-induced nod gene 
expression reflected the profiles obtained using synthetic inducers, albeit at a lower 
level (Figure 3.11). The similarity between inducer profiles suggests the use of synthetic 
DHF to investigate the relative expression of the nod genes simulates in vivo expression. 
Therefore synthetic inducers can provide accurate insight into the relative nod gene 
expression of Rlt strains. 
As discussed earlier, it is likely that TA1 produces more NF than the other strains. 
Several studies have suggested that an increase in NF production in the rhizosphere may 
be advantageous to host legume growth in the field. LCOs can significantly enhance the 
development of host legumes by improving germination, growth and nodulation 
(Skorupska et al., 2010). Castillo et al. (1999) showed that by increasing the copy 
number of S. meliloti symbiotic genes, including the nodABC genes, to 2.5- 3, more NF 
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was produced which improved symbiosis and promoted plant growth. The ‘symbiosis 
promoting effect’ has also been described for mycorrhizal fungi, where the addition of 
purified NF to legumes increased the rate of mycorrhizal colonisation (Xie et al., 1995). A 
variety of plants treated with the NF, Nod Bj V(C18:1,MeFuc), isolated from B. 
japonicum, showed enhanced germination and early plant growth (Prithiviraj et al., 
2003). Enhanced seed germination was most pronounced for soybean, from which the B. 
japonicum strain was isolated. Maj et al. (2009) pre-treated red clover with NF of Rlt 
strain KO17, previously identified as competitive (Wielbo et al., 2007). Pre-treatment 
did not directly increase the competitive ability or nodulation rate of KO17. It did, 
however, enhance the germination rate, growth and nodulation of red clover. 
Furthermore, this increased growth and nodulation took place under competitive 
conditions in the presence of indigenous bacteria in an outdoor experiment. The above 
results suggest that inoculant strains with elevated LCO production capable of 
competing effectively would improve the establishment and growth of the host legume, 
which would be immensely beneficial in an agricultural context. Therefore elevated nod 
gene expression should be considered an important trait for successful inoculant strains, 
and expression of the TA1 nodA promoter construct could be used as a molecular 
marker for strain selection.  
In the current study we saw no evidence that strains proposed to produce elevated 
levels of NF provided a symbiosis promoting effect, but this is likely due to the 
laboratory conditions. The Rlt strains were inoculated as pure cultures, or in 1:1 ratios 
in nodulation and competition experiments. In our plant assays, there was a relatively 
high inoculation density and a lack of competing rhizobia. These factors will contribute 
to an artificially high abundance of LCOs in our in vitro growth systems, whereas the 
same level of LCO production in the rhizosphere would still be elevated relative to 
competing strains but also diluted to a concentration allowing for a positive impact on 
plant growth and nodulation.  
Finally, one of the questions that remained was how the host background influenced nod 
gene expression. This led to an investigation into whether another possible regulator, in 
addition to nodD, could be involved. Besides the discovery of nodD2 (Chapter 4), 
bioinformatic analysis also revealed a putative nolR in Rlt (Figure 3.21B). In S. meliloti 
NolR negatively regulates nod gene expression (section 1.6.3.7) and the presence of nolR 
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in Rlt may increase the complexity of nod gene regulation, and explain some of the 
difficulty in deciphering the expression results. According to the literature, species that 
autoregulate nodD such as R. leguminosarum do not contain nolR (Kondorosi et al., 
1991). However, Kiss et al. (1998) later discovered nolR in the Sinorhizobium and 
Rhizobium genera, including in Rlt and Rlv. In Rlv NolR is functional and down-regulates 
both nodD and the nodABC genes (Kiss et al., 1998). Our sequence data support Kiss et 
al. (1998), as 13 Rlt (Figure 3.21A) and 13 Rlv strains on the IMG database contain a 
highly conserved copy of nolR. BLAST alignment of nolR between Rlt TA1 and Rlv 3841 
revealed 96% nucleotide identity, and both shared 75% nucleotide identity with S. 
meliloti 41 nolR. This level of conservation is significant as Kiss et al. (1998) showed an 
S. meliloti nolR mutant could be functionally complemented by Rlv nolR. Further 
evidence indicating a functional role for nolR in Rlt, is the discovery of the highly 
conserved operator sequence downstream of the nodA promoter. Spaink et al. (1987) 
determined this region was important in promoter function, although they found 
deletion, or partial deletion of this sequence had a negative effect on promoter activity, 
contrary to what would be expected for a repressor-binding operator sequence. Of 
potential interest is the single bp deletion in the nolR operator sequence downstream of 
the WSM1325 nodF promoter that is unique to the WSM1325 nodF promoter amongst 
the three strains. This altered putative operator site varies in the strain where 
expression from that particular promoter was elevated.  
The nolR gene appears to part of a conserved operon (Figure 3.20 & Figure 3.21). The 
genes numbered 12 – 14 in Figure 3.20B are proX, proW and proV, respectively, that 
comprise the ProU glycine betaine transport system. Glycine betaine is an 
osmoprotectant and ProU is one of the systems responsible for transport of glycine 
betaine across the cytoplasmic membrane under conditions of high osmolarity (Lucht 
and Bremer, 1994). Rhizobia in nodules are subjected to harsh environmental 
conditions including microaerobosis and high osmolarity (Boivin et al., 1990). Therefore 
this transport system is likely to be immensely important in the nodule environment. 
The nod genes and therefore NF production have been shown to be shut off in bacteroids 
(Sharma and Signer, 1990; Schlaman et al., 1991), and NolR has been shown to be 
involved in the repression of nod gene expression. Given that the nolR gene is situated in 
the ProU operon and both responses are required at the same stage of infection 
(functioning nodule), coordinated expression of both the proU operon and nolR may be 
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linked simply due to their conditional requirement. Alternatively, and more likely, the 
NolR regulator may also be involved in the adaptation to high osmolarity. This is 
supported by the conservation of this operon amongst various rhizobial species, (Figure 
3.21) suggesting the linkage is not coincidental but that nolR may also be involved in 
similar function to the surrounding genes. Therefore NolR may be serving a dual 
function in protection against high osmolarity and decreasing NF production under 
certain conditions such as during bacteroid development.  
Future work to investigate NolR by mutant construction and expression assays may 
shed light on a possible role in the complex nod gene expression in Rlt. 
 
Altogether, the evidence presented in this chapter reveals strains from the same biovar 
possess significantly different promoter expression levels of homologous genes in 
response to identical flavonoid inducers. Furthermore, there is evidence that this is not 
exclusively due to the strain background but is additionally affected by the inducible cis-
acting nod-box promoter motifs upstream of the nod genes, with the results suggesting 
there may be more to the promoter motif than previously identified. Additionally, the 
level of expression of the nod genes will likely alter the NF level and composition 
between strains and that this may influence symbiotic effectiveness on different hosts.  
Despite rather different nod gene expression profiles and therefore altered levels of NF, 
TA1 and CC275e showed surprisingly similar competitive ability on white clover. Very 
interestingly, there appears to be a strong relationship between the competitive ability 
of an Rlt strain and its ability to form effective symbiosis. This suggests competitive 
ability is the most indicative trait for an effective microsymbiont. 
Investigation of the nodFERL genes revealed the expression level of this operon has an 
unequal effect on symbiotic efficacy, depending on the Rlt strain. Expression of nodFERL 
was most elevated in strain WSM1325 in response to the flavonoids tested. This operon 
appeared to be more important for the symbiotic potential of WSM1325 compared with 
strain TA1 on sub clover, suggesting the level and composition of NF influence symbiotic 
effectiveness. However nodFERL was equally important for the competitive ability of 
both strains, suggesting a requirement for some degree of unsaturated fatty acids in 
general NF perception.  
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Interestingly, there are phenological barriers that exist between Rlt strains that 
effectively nodulate annual and perennial clover species, and most strains are not 
particularly effective on both. We have shown that the two strains capable of effective 
symbiosis and competition on perennial clover species are likely to produce similar NF 
profiles, based on the nod gene expression results. Furthermore, strain WSM1325 is 
unique in its nod gene expression profile and also in its symbiotic effectiveness on the 
annual clover species, sub clover. Taken together the results in this chapter strongly 
suggest a two receptor system in clover, where a low stringency NF receptor allows 
preliminary infection and in some cases, nodule formation, however the second high 
stringency cortical receptor is required to enable effective infection of the host. 
Moreover, we hypothesise that the saturation level of the LCO molecule is the primary 
distinguishing feature recognised by the cortical receptor, and the preference of LCO 
type is also distinct between annual and perennial hosts. Therefore the level of 
expression from the nodABCIJ, or nodFERL operon appears to be a pivotal characteristic 
for the type of host on which an Rlt strain may be successful.  
Finally, an additional advantage to selecting competitive strains with elevated NF 
production is the associated symbiosis promoting effect, which further improves plant 
growth and pasture output, and should be considered a marker for selection of 




















The previous chapter demonstrated the important role of the common and host-specific 
nod gene operons and their effect on the host specificity of Rlt strains. In addition to the 
genes encoding NF production, the regulator NodD is known to play an influential role in 
host specificity (section 1.6.3.4).  
In this chapter we investigated the variation in the nucleotide and protein sequences of 
nodD and NodD, respectively, between the Rlt strains of interest in this study, including 
an extra strain present in the lab, CC283b. We wished to determine whether 
heterogeneity in the nod gene regulator might help to explain the variation in nod gene 
expression reported in Chapter 3. Bioinformatic analyses revealed some variation 
between NodD sequences across Rlt strains, and led to the discovery of a second nodD 
copy in three of the four strains (including CC283b) used in this study. Although many 
species of rhizobia contain multiple copies of nodD, this had not been reported for Rlt. 
Furthermore, the multiple isoforms of NodD present in other species of rhizobia are 
known to play varying roles in symbiosis (section 1.6.3.6). An amino acid alignment 
revealed significant conservation between NodD1 and the second NodD, henceforth 
referred to as NodD2, in each Rlt strain. Markerless deletion mutants of nodD1, nodD2 
and nodD1nodD2 were constructed in strain TA1 to investigate the function of nodD2 in 
Rlt. 
The role of nodD2 was assessed by testing nodD mutant and wild-type strains using 
nodulation assays, nod promoter expression assays, epifluorescence microscopy and 
competition assays. We further explored the host-specific and competitive potential 
conferred by harbouring nodD2, and attempted to discern the evolutionary origin of this 






4.2.1 Investigation of the second copy of nodD 
Investigation into the sequence of nodD revealed a putative second copy present in three 
of the four strains of interest in this study. Pairwise alignment revealed 86%, 88%, and 
86% amino acid identity between NodD1 and the NodD2 in strains TA1, CC275e and 
CC283b, respectively. These second copies of nodD were located outside the nod gene 
clusters in these strains.  
4.2.1.1 nodD2 is present in eight of 13 Rlt strains but no Rlv strains 
The investigation of nodD2 in Rlt was widened to include a total of 13 Rlt strains (Table 
8.1, Appendix C) that have genome sequences available in the IMG database (Markowitz 
et al., 2011). Using BLAST searches and bioinformatic analysis on the 13 strains, 
including the four strains focussed on in this chapter, revealed eight contained a highly 
conserved second copy of nodD with an average nucleotide identity of 93% (Figure 4.1). 
There are also genome sequences of 13 strains of the closely related Rlv present in the 
IMG database (Table 8.1, Appendix C) but none appeared to contain a copy of nodD2. An 
in-depth bioinformatic analysis of nodD1 and nodD2 from Rlt is presented in section 
1.2.13. For each strain the copy of nodD located in the characteristic location in the nod 







Figure 4.1 Alignment of 21 nodD1 and nodD2 nucleotide sequences from 13 strains of Rlt.  All 13 strains contain nodD1 and eight of the 13 
strains contain nodD2 aligned using Geneious. Nucleotides that vary from the consensus are highlighted, and the coloured bars indicate conservation.  
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4.2.2 Construction of nodD1 markerless deletion mutants 
To investigate the role of the individual copies of nodD, markerless deletion mutants 
were constructed in strain WSM1325 and TA1 that contain only nodD1 and nodD1 plus 
nodD2, respectively. The markerless deletion strategy is outlined in section (2.11.1).  
Gibson reactions were used to generate the markerless deletion constructs (section 
2.11.1.1) which were transformed by electroporation into E. coli ST18. Plasmid DNA was 
prepared from transformants and digestion with ApaI and SpeI was expected to result in 
an insert and vector band of approximately of 2.4 kb and 5.3 kb, respectively (Figure 
4.2A & B). None of the plasmids for TA1nodD2 showed a successful insert (Figure 4.2B) 
and further attempts to isolate a TA1 nodD2 mutant are described in section 1.2.6; 
however for TA1nodD1 and WSM1325nodD, three clones of each were selected for 
confirmation by DNA sequencing and a single confirmed plasmid clone was chosen to 
construct the mutants. 
The successful clones were transferred to TA1 and WSM1325 with selection for GmR and 
DNA from exconjugants was subjected to PCR using primer sets TA1D1 5-0/TAD1 3-0 
and WSM NodD 5-0/WSM NodD 3-0 (Table 2.4) that amplify across the site where the 
arms join. The successful SXO event was identified in clones where both a wild-type and 
deletion variant allele were amplified (Figure 4.2C & D). Following the DXO event, 
confirmation of the markerless deletion nodD mutants was performed by PCR using the 
flanking SXO primers (Figure 4.2E & F). A further PCR using the SXO primers in 
combinations with TA1D1 IntL ss/TAD1 IntR cr and WSMD IntL ss /WSMD IntR cr was 
used for final confirmation of the mutants (data not shown). 
4.2.2.1 Complementation of nodD1 mutants 
To ensure the observed effects were a direct result of deletion of the target gene, the 
complementation plasmids pSFTnodD1 and pSFWnodD were constructed. A 1259 bp 
and 1268 bp region of TA1 and WSM1325, respectively, containing the nodD gene with 
its native promoter, were PCR amplified. These products were digested using the 
restriction enzymes XbaI and EcoRI and ligated into the stable, broad host-range vector 
pFAJ1700 (TcR) (Dombrecht et al., 2001). The resultant constructs were confirmed via 
DNA sequencing and transformed into E. coli ST18. pSFTnodD1 and pSFWnodD were 
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Figure 4.2 Agarose gel electrophoresis of PCR products amplified during the construction 
and confirmation of TA1ΔnodD1 and WSM1325ΔnodD markerless deletion mutants.  M 
represents λ HindIII/фX174 HaeIII DNA standard marker. DNA marker sizes are indicated in kb. 
A) Confirmation of the TA1 nodD pJQ200SK clones digested with ApaI and SpeI resulting in a 5.3 
kb vector band and the 2.4 kb insert band. B) The same as A) except lanes 1 -6 represent clones 
of TA1nodD2 and lanes 7 – 12 represent pJQ200SK clones of WSM1325 nodD. C) PCR 
confirmation of GmR clones containing the TA1ΔnodD1 pJQ200SK construct following SXO 
resulting in a wild-type band of 1208 bp and a 300 bp band representing the deletion variant. D) 
The same as C) except this gel represents GmR clones containing the WSM1325ΔnodD pJQ200SK 
construct. E) Confirmation of the DXO event where TA1ΔnodD1 clones contain either a 1208 bp 
wild-type band or a 300 bp deletion variant band. F) The same as E) except this gel 
represents WSM1325ΔnodD clones.  
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4.2.3 Deletion of nodD in WSM1325 
WSM1325 nodD was deleted as bioinformatic analysis of this strain indicated there was 
a single copy of nodD. We wished to confirm that deletion of the only nodD abolishes 
nodulation, and to be able to compare the results with deletion of nodD1 in TA1, which 
appeared to have a second nodD.  
4.2.3.1 Expression assays of WSM1325ΔnodD 
The previously constructed nodA promoter expression plasmid, pWSMnodAZ, was 
transformed into the homologous wild-type and mutant strain. β-galactosidase assays 
were performed using DHF as inducer to measure induction of the nodA promoter 
(Figure 4.3). As expected (Figure 3.8), expression of the homologous nodA construct in 
the wild-type strains was significantly higher than the control. For WSM1325ΔnodD-
pWSMPnodAZ, no significant difference in expression was observed between the 
treatment and negative control. This indicated that deletion of nodD from WSM1325 
prevented any expression from the nodA promoter in response to DHF. 
  
Figure 4.3 β-galactosidase assay performed using wild-type and nodD markerless 
deletion mutants in strain WSM1325 that contain a homologous PnodA-lacZ promoter 
plasmid.  Each strain was grown in TY broth and treated with 10 µM DHF, or DMSO as a 
negative control. Error bars represent ± SEM. Significance was determined using one-way 
ANOVA with Sidak’s multiple comparisons post hoc test, **** P < 0.0001. 
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4.2.4 Symbiotic phenotype of WSM1325ΔnodD 
The symbiotic phenotype of WSM1325ΔnodD was determined on white, red, and sub 
clover using nodulation assays and wet weights (Figure 4.4A, B & C). Wild-type 
WSM1325 nodulated all three clover species with 100% of white and sub clover 
nodulated by day 15 and day 11, respectively. On red clover a similar number of nodules 
formed on average, but the number of plants nodulated never reached 100%. In 
contrast, WSM1325ΔnodD did not form any nodules on any plants (Figure 4.4). 
Furthermore, the wet weight data showed no statistical difference between 
WSM1325ΔnodD and the negative control (data not included). Complementation of 
WSM1325ΔnodD by introduction of pSFWnodD restored nodulation kinetics to wild-
type rates (Figure 4.4D). 
 
Figure 4.4 Nodulation characteristics of WSM1325 wt and WSM1325ΔnodD on white, red 
and sub clover.  Nodulation kinetics showing both percentage of plants nodulated on the left Y 
axis for WSM1325 wt, and average number of nodules per plant on the right Y axis for WSM1325 
wt (green). The plants inoculated with WSM1325ΔnodD and the water-only control were 
included but no nodules formed. A) White clover. B) Red clover. C) Sub clover. D) Same as A) 




4.2.5 Deletion of nodD1 in TA1 
Deletion of nodD1 in TA1 was straightforward unlike deletion of nodD2. Once the nodD1 
mutant was constructed and before the nodD2 mutant was constructed, TA1ΔnodD1 was 
assayed to determine whether it would display a nodulation phenotype different than 
what was observed in WSM1325ΔnodD. 
4.2.5.1 Expression assay of TA1ΔnodD1 
The previously constructed nodA promoter expression plasmid, pTA1nodAZ was 
transformed into the homologous wild-type and mutant strains. β-galactosidase assays 
were performed using DHF as inducer to measure induction of the nodA promoter 
(Figure 4.5). Expression from the homologous nodA plasmid in TA1 was significantly 
higher than the control. Expression from TA1ΔnodD1-pTA1PnodAZ was also 
significantly higher than the control, although it was substantially lower (~10-fold) than 
the treated wild-type TA1. This indicates that, unlike in WSM1325, deleting the primary 
nodD in TA1 did not completely abolish nodA expression.  
 
Figure 4.5 β-galactosidase assay performed using wild-type and nodD1 markerless 
deletion mutants in strain TA1 that contain a homologous PnodA-lacZ promoter plasmid.  
Each strain was grown in TY broth and treated with 10 µM DHF, or DMSO as a negative control. 
Error bars represent ± SEM. Significance was determined using one-way ANOVA with Sidak’s 
multiple comparisons post hoc test, **** P < 0.0001. 
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4.2.6 Symbiotic phenotype of nodD1 mutants 
The symbiotic phenotype of TA1ΔnodD1 was determined on white, red, and sub clover 
using nodulation assays and plant wet weights (Figure 4.6). Wild-type TA1 nodulated all 
three clover species, with 100% of plants nodulated no later than day 13 (Figure 4.6A, C, 
and E). Unlike for WSM1325ΔnodD, nodulation by TA1ΔnodD1 was not abolished, 
although the nodulation kinetics were affected. TA1ΔnodD1 produced a lower total 
number of nodules on each clover species and TA1ΔnodD1 required an extra 10 – 12 
days to reach 100% nodulation compared to TA1 (Figure 4.6A, C, and E). The TA1 wet 
weight data showed a significant difference between the mutant and the negative 
control on each host; however there was also a significant difference between TA1 wild-
type and TA1ΔnodD1 on two of the three clover species (Figure 4.6B, D, and F). 
Complementation of TA1ΔnodD1 using pSFTnodD1 restored nodulation to wild-type 





Figure 4.6 Nodulation and nitrogen fixation characteristics of TA1 and TA1ΔnodD1 on 
white, red and sub clover.  A), C) and D) Nodulation kinetics showing both percentage of plants 
nodulated on the left Y axis for TA1 ( ), and TA1ΔnodD1 ( ) and average number of nodules 
per plant on the right Y axis for TA1 (green bar), and TA1ΔnodD1 (blue bar). The plants 
inoculated with the water-only control were included but no nodules formed. B), D) and F) Wet 
weights of the plants recorded 42 dpi for water-only control ( ), TA1 ( ), and TA1 ΔnodD1 ( ). 
Error bars represent ± SEM. Significance was determined using one-way ANOVA with Tukey’s 




Figure 4.7 Nodulation kinetics of white clover inoculated with TA1ΔnodD1 complemented 
with pSFTnodD1.  The percentage of plants nodulated is shown on the left Y axis and the 
average number of nodules per plant on the right Y axis. Error bars represent ± SEM. 
 
4.2.7 Construction of a TA1 nodD2 single and a TA1 
nodD1nodD2 double markerless deletion mutant 
The construction of a markerless nodD2 single and a nodD1nodD2 double mutant proved 
more difficult than initially anticipated. The nodD2 gene in TA1 is located separately 
from the nod gene cluster and is surrounded by DNA encoding transposase gene 
fragments (Figure 4.8). Some of the transposase sequences were homologous, indicating 
repetition of the same transposon. Transposase 9 (Figure 8) appeared to be a truncated 
duplication of transposase 10, and transposase 2 and 12 shared 86% nucleotide identity 
(Figure 8B). Several attempts at cloning the left and right flanking arms into pJQ200SK 
by Gibson cloning resulted in constructs containing inserts of many different lengths but 
always shorter than the expected 2.2 kb. Sequencing the construct from E. coli clones 
that contained short inserts revealed that in every instance, either the left or right 
flanking arm in the construct was truncated. BLAST searches of the truncated regions 
revealed them to encode transposase fragments. 
Given the difficulties of making this construct with the usual method detailed in section 
2.11.1, a new approach was employed. BLAST searches of the region up and 
downstream of nodD2 revealed areas that appeared to contain relatively stable regions 
of DNA in which the flanking arms could be designed. Two new nodD2 mutant construct 
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strategies were designed that would result in either a 5932 bp or a 9787 bp deletion that 






Figure 4.8 The genetic context of nodD2 in Rlt strain TA1.  A) Open reading frames 
surrounding nodD2. The boxes above indicate the location of the flanking arms that were 
designed to facilitate construction of a nodD2 mutant. The left arm, badzone right arm and 
goodzone right arm are indicated by a light blue, white and dark blue box, respectively. The 
numbers relate to the putative transposase sequences. B) Identity matrix of the transposase-
encoding sequences surrounding nodD2. The label numbers relate to the numbers allocated in 
part A. The values highlighted in green and orange indicate the pairs with highest and lowest 




Transposase_5 57 54 56
Transposase_8 55 52 55 76
Transposase_9 37 37 36 37 35
Transposase_10 36 35 35 35 34 99
Transposase_7 35 34 37 40 38 52 52
Transposase_4 37 35 39 39 32 42 42 37
Transposase_11 33 32 36 34 32 41 38 36 60
Transposase_6 48 49 49 46 38 43 41 43 46 45
Transposase_3 34 35 33 33 32 37 36 36 38 36 41
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The markerless deletion strategy is outlined in section (2.11.1). The left arm was 1175 
bp and was the same for both deletion strategies. The 5’ end contained a SpeI restriction 
site and the 3’ end is situated 819 bp upstream of nodD2. The right arm size and position 
was the difference between the two mutant designs (Figure 4.8). The badzone right 
flanking arm was 891 bp and the 5’ end began 2066 bp downstream of nodD2. The 
goodzone right flanking arm was 1327 bp and the 5’ end began 5485 bp downstream of 
the 3’ end of nodD2 (Figure 4.9A). Both right arms incorporated an ApaI restriction site 
in the 3’ end.  
Overlap extension PCR was used to generate insert products of 2066 bp and 2502 bp for 
the badzone and goodzone constructs, respectively (Figure 4.9B). The resulting 
markerless deletion constructs were transformed by electroporation into E. coli ST18. 
Plasmid DNA was prepared from transformants and digested with ApaI and SpeI to 
locate clones with two products: one approximately 5.3 kb representing the vector, and 
one representing an insert of 2.1 kb or 2.5 kb for the badzone and goodzone clones, 
respectively (Figure 4.9C & D).  
Two of the five clones containing the correct badzone insert fragment, and the one clone 
with the correct goodzone insert were selected for confirmation by DNA sequencing and 
a single confirmed plasmid clone was chosen to construct the mutants. Biparental 
matings (section 2.7.1.1) were performed to transfer the plasmid from E. coli ST18 to the 
Rlt strains TA1 and TA1ΔnodD1, to construct a single TA1ΔnodD2 mutant and a double 
TA1ΔnodD1ΔnodD2 double mutant respectively. Confirmation of integration of the 
mutant construct was performed by PCR using primer sets BZRA TA1D2 5-0/BZRA 
TA1D2 IntR cr and GZRA TA1D2 5-0/GZRA TA1D2 IntR cr that amplify across site where 
the arms join for the badzone and goodzone clones, respectively. The successful SXO 
event was identified in clones where both a wild-type and deletion variant allele was 
amplified.  
Following selection for the DXO event, the final confirmation of badzone and goodzone 
single and double markerless deletion mutants was performed by PCR using a 
combination of flanking and internal primers (Figure 4.9E & F). The expected wild-type 
and mutant products are listed in Table 4.1 and Table 4.2. The badzone single and 
double mutants were correct but the goodzone single mutant was unsuccessful. The 
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badzone single and double nodD mutant clones were designated TA1ΔnodD1 and 
TA1ΔnodD1ΔnodD2, respectively.  
4.2.7.1 Complementation of nodD2 
Given that the deletion strategy employed resulted in a large deletion of ~6 kb, it was 
important to ensure the phenotype of the single and double mutants was a direct result 
of deletion of the target gene, nodD2. A 1296 bp PCR fragment was amplified containing 
nodD2 and 292 bp upstream including the native promoter with the restriction sites 
XbaI and EcoRI incoporated into the 5’ primer and 3’ primer, respectively, to facilitate 
cloning into pFAJ1700. The resulting complementation plasmid, pSFTnodD2, was 































































































































 1   2    3   4  M  5   6   7   8  M 9 10 11 12 
 
Figure 4.9 Agarose gel electrophoresis of PCR products amplified during the construction 
and confirmation of TA1Δnod2 goodzone and badzone single and double markerless 
deletion mutants.  M represents λ HindIII/фX174 HaeIII DNA standard marker. DNA 
marker sizes are indicated in kb. A) Confirmation of PCR products for the TA1ΔnodD2 
flanking left and right arms. Lanes 1 & 2 represent the TA1ΔnodD2 goodzone left and right arm, 
lanes 3 & 4 represent the TA1ΔnodD2 badzone left and right arm. B) Confirmation of overlap 
extension PCR products for the two TA1ΔnodD2 construct designs. Lanes 1 & 2 represent 
duplicate TA1ΔnodD2 goodzone extension products, lanes 3 & 4 represent duplicate TA1ΔnodD2 
badzone extension products. Red arrows indicate products of expected size. C) Restriction digest 
of pJQ200SK::TA1ΔnodD2 constructs extracted from six clones of TA1ΔnodD2 badzone with 
restriction enzymes ApaI and SpeI. D) The same as C) except this gel represents six clones of 
TA1ΔnodD2 goodzone. E) Confirmation of the presence of a wild-type or mutant allele in 
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badzone single and double mutant clones using phenol/chloroform DNA extractions as template. 
Lanes 1 – 4 represent wild-type, lanes 5 – 8 represent a badzone single nodD2 mutant clone, and 
lanes 9 – 12 represent a badzone nodD1nodD2 double mutant clone. F) The same as in E) except 
Lanes 1 – 4 represent wild-type, lanes 5 – 8 represent a goodzone single nodD2 mutant clone, 
and lanes 9 – 12 represent a goodzone nodD1nodD2 double mutant clone. The expected band 
sizes from left to right are detailed in descending order in Table 4.1 and Table 4.2. 
 
Table 4.1 List of the expected DNA band sizes following PCR confirmation of the badzone 
TA1ΔnodD2 mutants.  A series of PCR reactions using a combination of primer sets was 
performed using phenol/chloroform preparations as template DNA. 
 
Primer pairs 
Expected PCR amplified products 
Wild-type band size Mutant band size 
1 + 2  747 bp N/A 
1 + 4 4617 bp 751 
7 + 4 3384 bp N/A 
7 + 8 547 bp N/A 
*The numbers correspond to specific primers as detailed in the oligonucleotide Table 2.4 
 
Table 4.2 List of the expected DNA band sizes following PCR confirmation of the goodzone 
TA1ΔnodD2 mutants.  A series of PCR reactions using a combination of primer sets was 
performed using phenol/chloroform preparations as template DNA.  
 
Primer pairs 
Expected PCR amplified products 
Wild-type band size Mutant band size 
1 + 2  747 bp N/A 
1 + 6 7897bp 610 
7 + 6 6664 bp N/A 
7 + 8 547 bp N/A 
3 + 6 3970 bp N/A 




4.2.8 Symbiotic phenotypes of TA1 nodD single and double 
mutants on white, red and sub clover 
4.2.8.1 White Clover 
To build upon the results from the nodD1 mutant in section 4.2.6, the nodD2 single and 
double mutant nodulation kinetics were determined on white, red and sub clover. 
TA1ΔnodD2 produced no significant difference in nodulation compared to TA1, 
indicating that nodD1 by itself was sufficient for efficient nodulation (Figure 4.10). 
Interestingly, TA1ΔnodD1 exhibited only slightly impaired nodulation in comparison to 
TA1. The total number of nodules was reduced and there was a four day delay until 
100% of plants were nodulated. Therefore nodD2 confers a level of functional 
redundancy with nodD1. TA1ΔnodD1ΔnodD2 did not nodulate, confirming that at least 
one copy of nodD was required for nodulation. The TA1ΔnodD1ΔnodD2 double mutant 
was complemented by introduction of either plasmid pSFTnodD1 or pSFTnodD2, 
containing the nodD1 or nodD2 gene of TA1 expressed from their native promoter 
region, respectively. Both plasmids restored nodulation in the nodD double mutant 
background, although complementation by nodD2 resulted in less efficient nodulation.  
4.2.8.2 Red and sub clover 
The experiments on white clover were performed in biological triplicate and established 
that nodD2 is a functional nod gene regulator. To examine whether nodD2 has a similar 
effect on red and sub clover, the same experimental set up was applied with these 
plants. However, only a single biological replicate with 10 technical replicates was set up 
for each strain tested. The results on red (Figure 4.11) and sub clover (Figure 4.12) 
resembled the trends observed on white clover. TA1ΔnodD1ΔnodD2 formed no nodules 
on either plant species. On red clover, the delay in nodulation was more severe, where 
TA1ΔnodD1 took eight days longer than wild-type to nodulate 100% of the plants, 
compared with four days on white clover.  
On sub clover TA1ΔnodD1 and TA1 reached 100% nodulation on the same day, although 
the initial onset of nodulation by TA1ΔnodD1 appeared to be slower. Additionally, 
TA1ΔnodD1 showed the same pattern of a decrease in total nodule number, whereas 
TA1ΔnodD2 formed a similar number of nodules to TA1. Complementation of the double 
mutant with pSFTnodD1 resulted in the wild-type nodulation phenotype. 
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Complementation with pSFTnodD2 appeared to be more similar to the nodD1 mutant, 
which was expected as both these strains only contain nodD2.  
 
Figure 4.10 Nodulation kinetics of 30 white clover plants inoculated with Rlt TA1 strains.  
A) Average number of nodules per plant. B) Percentage of plants nodulated. Three biological 




Figure 4.11 Nodulation kinetics of 10 red clover plants inoculated with Rlt TA1 strains. A) 
Average number of nodules per plant. B) Percentage of plants nodulated. One biological replicate 




Figure 4.12 Nodulation kinetics of 10 sub clover plants inoculated with Rlt TA1 strains.  A) 
Average number of nodules per plant. B) Percentage of plants nodulated. One biological replicate 
was performed with 10 technical replicates. Error bars represent ± SEM.  
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4.2.9  Analysis of the nod gene induction capabilities of 
NodD1 and NodD2 in vitro 
4.2.9.1 TA1 NodD1 and NodD2 mediated induction of the nodABC and nodFERL 
operons 
β-galactosidase assays were performed on TA1ΔnodD1 and TA1ΔnodD2 containing the 
PnodA-lacZ and PnodF-lacZ transcriptional fusion plasmids (pSFTPnodAZ and 
pSFTPnodFZ), to investigate whether there was variation in the capability of the 
individual copies of NodD to induce nod gene expression in the presence of 10 µM DHF 
(Figure 4.13A & B). The effect of adding additional copies of nodD1 or nodD2 was also 
tested. To enable these experiments, the  nodD1 and nodD2 genes were cloned 
separately into the vector pPROBE-KT (Miller et al., 2000) resulting in pKTSFTnodD1 
and pKTSFTnodD2, as the original complementation plasmids were incompatible with 
the transcriptional fusion plasmids. Non-complemented strains contained pPROBE-KT 
empty vector as a control.  
The expression of the nodA and nodF promoters in the TA1 nodD mutant backgrounds 
are presented as induced expression with the control subtracted showing the total 
expression in each background (Figure 4.13A), and as relative expression where the 
induction is a relative proportion of the normalised control which shows only the effect 
of the added inducer (Figure 4.13B). TA1ΔnodD2 showed no statistically significant 
difference in nodA or nodF induction relative to TA1 (Figure 4.13A). TA1ΔnodD1 on the 
other hand showed a drastic reduction in activity of both promoters. The nodF promoter 
induction was negligible, but the nodA promoter induction remained approximately 2.5-
fold higher than the control. Interestingly, complementation of TA1ΔnodD2 with nodD2 
increased the expression compared to wild-type.  
TA1ΔnodD1ΔnodD2 did not significantly activate the nodA or nodF promoter. 
Complementation using either nodD1 or nodD2 restored activation of both promoters in 
TA1ΔnodD1ΔnodD2, and in both instances expression was higher than wild-type. The 
elevated expression of the complemented strains, relative to wild-type, is likely due to 
increased copy number conferred by the complementation plasmid. It is interesting that 
nodD2 complementation produced such elevated induction, as TA1ΔnodD1 still contains 
nodD2, and expression was low.  
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The relative induced expression revealed the nodD1 complementation results were 
equal to wild-type for both nodA and nodF promoter induction (Figure 4.13B). However, 
the nodD2 complemented induction was much lower than wild-type for the nodA 
promoter, but remained elevated for the nodF promoter. Since these data show a ratio of 
induction over the background expression, this indicates the basal level of nodA 
promoter expression was elevated in the presence of increased copies of nodD2 before 
the addition of inducer. Therefore, nodD2 appears to have a slight FITA phenotype as 
increased copies of nodD2 increased the basal level of nod gene activation, even in the 
absence of inducer. The data also show basal uninduced expression of nodF by nodD2 
was not increased, but flavonoid-induced activation of nodF was higher than for the 
nodA promoter.  
Together, these results showed that NodD1 and NodD2 have significantly different 
induction capacities, at least in response to DHF. Furthermore, the data suggest NodD2 
activates nodF more effectively than nodA when there are abundant copies in the cell. 
Finally, they also suggest that NodD2 may have a slight inducer-independent ability to 





Figure 4.13 β-galactosidase assays were conducted on TA1 nodD mutants containing the 
nodA (blue) and nodF (orange) promoter reporter constructs using 10 µM synthetic DHF.  
Panel A) The DHF induced treatment data are presented after subtracting the average of the 
DMSO-only. Panel B) The DHF treatment data are presented as a ratio of expression stacked on 
normalised DMSO only controls. Error bars represent ± SEM. Asterisks indicate significant 
difference determined using one-way ANOVA with Sidak’s multiple comparisons post hoc test, * 





4.2.10 Differences in infection thread formation by nodD1 
and nodD2 mutants 
4.2.10.1 Construction of a TA1 nodA promoter-gfp reporter plasmid 
A reporter plasmid for use in epifluoresence microscopy was constructed in the vector 
pPROBE-GT. pPROBE-GT is a stable broad-host-range promoter-probe vector containing 
a promoterless gfp downstream of the MCS which is bordered by transcriptional 
terminators (Miller et al., 2000). The pTA1PnodAZ primers were re-designed to contain 
a HindIII and EcoRI site compatible with pPROBE-GT and PCR was used to amplify the 
same 369 bp promoter sequence. The fragment was digested and ligated into pPROBE-
GT, creating the pPROBE-GT::TA1PnodA-gfp transcriptional fusion plasmid, pSFTPAGFP, 
which was confirmed by restriction analysis and sequencing.  
4.2.10.2 PnptII-constitutive promoter-gfp reporter plasmid 
A previously constructed constitutively active reporter plasmid, pPR3 (Rodpothong et 
al., 2009), was also used for IT studies of the nodD mutants. pPR3 contains a 336 bp 
region of the nptII promoter amplified from plasmid pFAJ1708 and inserted upstream of 
a promoterless gfp in the promoter probe vector, pPROBE-KT (Miller et al., 2000; 
Dombrecht et al., 2001; Rodpothong et al., 2009).  
4.2.10.3 Infection threads formed by nodD1 and nodD2 mutants 
To investigate the effect of the individual copies of nodD on IT formation, both 
pSFTPAGFP and pPR3 fluorescent reporter plasmids were introduced into TA1ΔnodD1 
and TA1ΔnodD2, and the number of ITs per plant were scored using epifluorescence 
microscopy (section 2.12.6).  
4.2.10.3.1 Infection threads identified with pSFTPAGFP 
Initially the mutants containing the pSFTPAGFP construct were evaluated (Figure 
4.14A). TA1 produced on average 30.3 ITs per plant. In contrast, TA1ΔnodD1 revealed 
only 5 per plant. This supports the hypothesis that the low nodulation rate of 
TA1ΔnodD1 (section 4.2.8) was due to a lower rate of infection. Additionally, 
TA1ΔnodD2 produced an average of 21.4 ITs per plant, which like the nodulation 
kinetics, was not significantly different from TA1.  
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4.2.10.3.2 Infection threads identified using pPR3 
pPR3 was utlilised in subsequent IT studies to confirm the results obtained using 
pSFTPAGFP (Figure 4.14B). Given the nodA promoter is activated by nodD, pPR3 was 
used to ensure that expression of the nodA-gfp reporter had not been compromised. 
Each strain contained both pPR3 and pFAJ1700 empty vector. A fourth strain, 
TA1ΔnodD2-pPR3 + pFAJ1700::nodD2, was included to exclude the possibility of a polar 
effect from the large ~6 kb deletion containing nodD2.  
Very similar results were produced using pPR3 compared to pSFTPAGFP. TA1 yielded 
on average 25.3 ITs per plant. TA1ΔnodD1 produced few ITs, 4.3 per plant, and 
TA1ΔnodD2 again was not significantly different to TA1, producing 32.2 ITs per plant. 
Therefore the initial low IT counts in TA1ΔnodD1-pSFTPAGFP was not due to a lack of 
activation of the nodA promoter. Additionally these data confirm the low number of 
nodules formed by TA1ΔnodD1 is due to a low rate of IT formation, resulting in poor 
infection of the host. The data also show that nodA was sufficiently induced by NodD2 in 
planta to allow visualisation of ITs. 
 
Figure 4.14 The mean number of ITs formed on white clover plants by strains of TA1 
containing gfp reporter plasmids.  A) The number of ITs formed by strains of TA1 containing 
the pSFTPAGFP plasmid at seven dpi on six - seven white clover plants. B) The number of ITs 
formed by strains of TA1 containing the pPR3 plasmid at seven dpi on 10 white clover plants. 
The error bars represent ± the SEM. The asterisks indicate significant difference from the wild-
type (One-way ANOVA with Dunnett’s multiple comparisons post hoc test, ** P < 0.01).  
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4.2.11 Investigation into the host-range of the nodD1 and 
nodD2 mutants 
This experiment was carried out in parallel with the nodFERL mutant assay detailed in 
section 3.2.10.2. The eight cultivars from five species of Trifolium were inoculated with 
TA1ΔnodD1 and TA1ΔnodD2 to investigate the hypothesis that nodD2 was necessary for 
nodulation of a wider range of hosts (Figure 4.15). For the majority of the plants tested, 
the nodulation kinetics were similar to the results on white, red and sub clover (section 
4.2.8). However, on three of the species, Trifolium pallescens 6428 (Figure 4.15B), 
Trifolium nigrescens 5840 (Figure 4.15D) and Trifolium uniflorum 7202 (Figure 4.15F), 
the average number of nodules appeared to be higher in TA1ΔnodD1 (only expressing 
nodD2). This assay provides evidence that for some hosts, nodD2 is capable of fully 
complementing nodD1 for the rate and number of nodules formed. Furthermore, these 
data strongly suggest nodD2 may be more symbiotically effective than nodD1 for 





Figure 4.15 Nodulation kinetics of TA1 nodD mutants on eight cultivars of clover across 
five different species.  A) Trifolium repens. B) Trifolium pallescens. C – E) Trifolium nigrescens. 
F) Trifolium uniflorum. G –H) Trifolium occidentale. The number of plants tested for each strain is 




4.2.12 Competitive ability of the nodD mutants 
The vector-based competition assay (section 2.12.8.2) revealed TA1ΔnodD1 was at a 
severe competitive disadvantage compared with TA1 (Figure 4.16), The relative 
competitive ability of the two single mutants revealed TA1ΔnodD2 markedly out-
competed TA1ΔnodD1 for nodule occupancy, further implicating the importance of 
nodD1 in competition for nodulation. However, an interesting discovery was that 
TA1ΔnodD2 was considerably outcompeted by TA1, despite this mutant containing a 
functional nodD1. This indicates that not only nodD1, but also nodD2 play a role in the 
competitive ability of TA1 for nodulation. 
 
Figure 4.16 The relative competitive ability of TA1 wild-type and nodD mutant strains.  
The percentage of nodule occupancy determined by the presence of blue/non-blue nodules 
following staining of white clover plants inoculated with pairs of Rlt TA1 nodD mutant strains in 
1:1 ratio. The results for each pair of strains is the sum of the top five nodules formed on 10 
plants (50 nodules total). Presented as the average of nodule counts performed by two 
independent researchers. The 50% threshold is indicated by a red line.  
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4.2.13 In-depth bioinformatic analysis of nodD1 and nodD2 
4.2.13.1 NodD from the four strains of interest 
4.2.13.1.1 The nodD1 promoter regions 
To investigate whether the difference in nodA gene expression reported in Chapter 3 
may have been due to promoter variation, the intergenic dual promoter region between 
nodA and nodD was aligned using Geneious (Geneious Alignment) (Figure 4.17). With 
the exception of CC283b, there appeared to be no significant differences between the 
four strains. The sequences were highly conserved in the nodA nod-box motifs and the 
same was true for the -35/-10 sequences (section 1.6.3.3), other than a single base 
substitution in CC283b.  
 
Figure 4.17 Sequence alignment of the intergenic region between nodA and nodD for the 
four Rlt strains of interest.  The conserved nod-box motifs preceding nodA are boxed in red. 
The putative -35/-10 sequences of nodD are boxed in blue. The initiation codon of nodA and 
nodD1 is boxed in purple and green, respectively. The variable nucleotides are highlighted.  
4.2.13.1.2 The functional regions and similarity of NodD1 
The amino acid sequences of the NodD proteins of Rlt strains TA1, WSM1325, CC275e, 
CC283b were aligned using Geneious (Geneious Alignment) (Figure 4.18). They were 
highly conserved with the most variant strain being CC283b. Various studies have 
revealed regions of NodD involved in different functions, indicated in Figure 4.18. The 
region between amino acids 132 and 270 is involved in the specificity of activation by 
flavonoids (Spaink et al., 1989c). The expression assays reported in Chapter 3 revealed 
CC275e and TA1 as having significant differences in the level of induction of the nodA 
promoter, and the NodD sequences of these strains differ in five places within this 
region. Furthermore, among the four NodD sequences, three amino acid variants were 




Figure 4.18 Amino acid sequence alignment of the NodD proteins from the four Rlt strains of interest.  Functional regions are underlined. The 
HTH DBD of LTTRs is underlined in black, regions of auto-regulation are underlined in red, regions involved in flavonoid recognition/response are 
underlined in blue and a hinge region located between the N-terminal DNA-binding domain and C-terminal regulatory domain is underlined in green. 





4.2.13.1.3 Promoter region upstream of TA1, CC275e and CC283b nodD2 
An alignment of 200 bp of nucleotide sequence upstream of nodD2 from TA1, CC275e 
and CC283b revealed significant conservation (Figure 4.19). The prokaryotic promoter 
prediction software PePPER (de Jong et al., 2012) was used to identify the promoter 
region. Despite significant conservation of NodD1 and NodD2 in Rlt, an alignment of the 
promoter regions of nodD1 and nodD2 from TA1, CC275e and CC283b revealed little to 
no conservation (data not shown). 
 
Figure 4.19 Nucleotide sequence alignment of the nodD2 promoter regions, up to and 
including the start codon (boxed in green).  The putative -35/-10 sequences of nodD are 
boxed in blue and red, respectively.  
4.2.13.1.4 Comparison of nodD1 and nodD2 sequences from 13 strains of Rlt 
The nodD1 and nodD2 sequences varied in length across the 13 strains, ranging from 
906 to 984 bp.  A distance matrix generated from the alignment of the 21 nodD1 and 
nodD2 nucleotide sequences (Figure 4.1) revealed that pairwise comparison of any two 
nodD copies from the 13 strains ranged from 74% - 99% nucleotide identity (Table 4.3). 
WSM2297 showed the highest similarity between nodD1 and nodD2 of the same strain, 
with only two nucleotide differences. When comparing across strains, CC275e and 
CC283b nodD2 were the most similar, sharing 99% nucleotide identity with only 7 single 
nucleotide polymorphisms (SNPs) across the 981 bp sequences. CC283b nodD1 and 
WSM2304 nodD2 were the two least similar copies of nodD from the 13 strains, sharing 
75% nucleotide identity.  
In all 8 strains, nodD2 appeared to be located on the symbiotic plasmid. The reference 
strain for Rlt is WSM1325 and has a completed genome sequence (Reeve et al., 2010a), 
however, most Rlt genomes on the IMG database are draft genome sequences that exist 
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as multiple large scaffolds. In the strains investigated, nodD2 was on the same scaffold as 
the nod gene cluster, indicating it is located on the symbiotic plasmid.  
 
Table 4.3 Distance matrix of nucleotide similarity for the 21 nodD genes in the 13 strains 
of Rlt.  The highest and lowest percentage identities are indicated in green and orange, 
respectively. 
 





nodD2_WSM2012 94 95 94
nodD1_CB782 90 91 90 90
nodD1_CC275e 85 86 85 86 84
nodD1_TA1 85 86 85 85 84 95
nodD1_CC283b 85 85 85 85 83 89 89
nodD1_SRDI943 84 84 84 84 83 90 90 88
nodD1_WSM1325 84 84 83 84 82 90 91 89 97
nodD1_WSM1689 85 85 85 84 84 92 90 90 97 94
nodD1_SRDI565 86 86 86 85 84 91 90 89 94 92 94
nodD2_CC275e 84 85 84 85 83 90 89 86 87 89 90 89
nodD2_CC283b 85 85 84 86 84 90 90 87 88 90 91 90 99
nodD2_TA1 84 84 84 84 82 88 89 86 87 89 91 89 92 92
nodD1_CC278f 84 84 84 83 82 83 83 83 83 83 84 84 85 85 86
nodD2_CC278f 84 84 84 83 82 83 82 81 80 82 84 82 83 83 84 93
nodD2_WSM2304 78 79 79 79 78 78 78 75 76 78 79 77 77 77 79 87 84
nodD2_WSM597 79 79 79 79 78 78 78 76 76 77 79 77 77 77 79 87 84 99
nodD1_WSM597 78 78 78 78 78 78 78 76 77 77 79 78 79 79 80 87 84 96 97
nodD1_WSM2304 79 79 79 79 78 79 78 78 78 78 79 78 79 79 81 88 86 95 95 97
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4.2.13.2 TA1 NodD1 and NodD2 predicted protein structures 
The amino acid sequence alignment of TA1 NodD1 and NodD2 revealed 86% identity 
(Figure 4.20A). LTTRs contain an N-terminal HTH DNA binding motif (section 1.6.3.1), 
and TA1 NodD1 and NodD2 show a high degree of similarity at the N-terminus (Figure 
4.20A). There are several regions of low conservation, three of which are underlined. 
Models of the predicted protein structure of NodD1 and NodD2 were generated using 
Phyre2 (section 2.5), and revealed the regions of low conservation correspond to the 
entrance of the predicted flavonoid inducer binding pocket (Figure 4.20B & C) (Kostiuk 
et al., 2013). These regions of low conservation appear to alter the structure of NodD1 
and NodD2 at this predicted inducer binding pocket, and may alter flavonoid binding or 
perception.  
 
Figure 4.20 Alignment of TA1 NodD1 and NodD2 amino acid sequences and 
corresponding predicted protein structures.  A) Amino acid sequence alignment revealing 
regions of low conservation. Three regions of interest are underlined in blue, red and purple. 
The green bar indicates conserved residues. B & C) Predicted ribbon model of TA1 NodD1 and 
NodD2, respectively. The location of the residues highlighted in A) are indicated by arrows with 





4.2.13.3 Evolutionary origin of NodD1 and NodD2 in Rlt  
4.2.13.3.1 NodD2 from TA1, CC275e and CC283b 
An alignment was performed in Geneious to compare NodD1 and NodD2 from the three 
of the four strains of interest containing NodD2. Also included were the NodD amino 
acid sequences of Rlv 3841, Rlv 248, and the three versions of NodD present in S. meliloti 
1021 (Figure 4.21). A phylogram generated from the alignment revealed NodD2 formed 
a distinct cluster from NodD1 in the three Rlt strains (data not shown). A further 48 
sequences of NodD across 10 species of rhizobia revealed a similar result, where the 
copies of NodD2 from TA1, CC275e and CC283b form a discrete cluster (data not 
shown). 
 
Figure 4.21 Amino acid alignment of the NodD proteins from several species of rhizobia.  
This includes: the Rlt TA1, CC275e, WSM1325, and CC283b NodD1 and NodD2 a.a. sequences; 
the NodD a.a. sequence of Rlv 3841 and Rlv 248; and the NodD1, NodD2 and NodD3 a.a. 




4.2.13.3.2 NodD1 and NodD2 across 13 Rlt strains 
The amino acid sequences of the 21 copies of NodD1 and NodD2 from the 13 strains of 
Rlt were aligned using Geneious (Figure 4.22). The alignment revealed significant 
conservation amongst the 13 NodD1 and eight NodD2 proteins, particularly at the N-
terminus. The alignment of the 21 proteins did not appear to display any distinctive 
clustering in amino acid variation between NodD1 and NodD2. A phylogram was 
generated from the alignment, revealing the relatedness of NodD1 and NodD2 
homologues between the 13 strains (Figure 4.23). The phylogram uncovered the 
apparent existence of two discrete origins of nodD2; NodD2 clusters either in very close 
proximity with NodD1 of the same strain, or completely separately from all other copies 
of NodD investigated. This indicates NodD2 was acquired by the strains either from a 
duplication event or by horizontal transfer, depending on the strain. A pairwise 
comparison of the NodD1 and NodD2 sequences across the 13 strains is presented as a 
distance matrix (Table 4.4) that revealed sequence similarity ranging from 76 – 100% 
identity for the 21 proteins. Only strain WSM2297 contained identical NodD1 and 
NodD2 amino acid sequences, however, there was slight variation at the nucleotide level 
with two synonymous SNPs between the two copies.  
The phenological and geographic distributions of the various strains are also highlighted 
in Figure 4.23 and listed in Table 4.5. The phenological distinction refers to the growth 
cycle of the host (annual or perennial) and the geographic parameters refer to the major 
centres of clover diversity (America, Africa and Euro-Mediterranean). The fact that 
NodD1 and NodD2 appear to cluster in association with the geographical and 
phenological distinctions of the strains suggest that NodD has a role in the specificity of 
Rlt strains within these groups. Furthermore, it appears that NodD2 is strongly 
correlated with the ability to form effective symbiosis with perennial clover species, 




Figure 4.22 Alignment of 21 NodD1 and NodD2 amino acid sequences from 13 strains of 







Figure 4.23 Unrooted Neighbour-Joining phylogram of 21 NodD amino acid sequences generated from the alignment in Figure 4.22.  For 
strains with one copy, NodD1 is black. For strains with both, NodD1 and NodD2 are red and green, respectively. Percentage under NodD2 indicates 
identity to NodD1 of the same strain, as determined from Table 4.4. The phenological and geographical distributions of the strains are indicated 
according to the key, based on Table 4.5. Branch length is proportional to inferred evolutionary change and numbers on braches are bootstrap 
percentage from 500 replicates (≥50%). Scale bar represents the number of substitutions per amino acid site. 
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Table 4.4 Distance matrix of amino acid similarity for the 21 NodD proteins in the 13 
strains of Rlt.  The highest and lowest percentage identities are indicated in green and orange, 
respectively. 
 





nodD1_CB782 92 92 91
nodD2_WSM2012 95 95 95 92
nodD1_SRDI943 88 88 88 83 88
nodD1_WSM1689 88 88 88 85 88 98
nodD1_SRDI565 87 87 87 83 87 93 97
nodD1_WSM1325 88 88 88 84 88 97 98 96
nodD1_CC283b 87 87 87 83 88 88 93 89 91
nodD1_CC275e 87 87 87 84 87 89 92 89 91 88
nodD1_TA1 89 89 88 86 89 89 92 90 92 87 97
nodD2_CC275e 85 85 84 82 86 87 91 87 90 85 88 88
nodD2_CC283b 86 86 85 83 86 88 92 88 90 86 89 89 99
nodD2_TA1 85 85 85 81 86 86 92 87 89 86 87 86 94 94
nodD1_CC278f 85 85 85 84 85 84 86 85 85 84 85 84 86 86 88
nodD2_CC278f 84 84 83 81 83 81 85 83 83 82 83 83 86 86 88 93
nodD1_WSM597 80 80 79 79 80 78 81 79 78 78 79 80 81 81 82 90 86
nodD1_WSM2304 80 80 80 79 81 80 82 80 80 80 80 81 82 82 84 91 88 97
nodD2_WSM597 80 80 79 77 80 76 81 77 78 76 79 80 80 80 81 88 85 95 94
nodD2_WSM2304 80 80 79 77 80 76 81 77 78 76 79 80 80 80 81 88 84 95 95 99
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Table 4.5 Strains, presence of nodD2, host origin, growth-cycle (habit) and centre of 
diversity of the 13 Rlt investigated in this section.  
Strain nodD2 Host origin Habit Centre of 
diversity 
Reference 
WSM1325 No Unknown (A) Most effective on annual 
clover 
E-M (Reeve et al., 
2010a) 
SRDI565 No T. subterraneum 
(A) 
Primarily annual, and one 
perennial species of 
Mediterranean origin.  
- (Reeve et al., 
2013b) 
SRDI943 No T. michelianum 
Savi cv. 
Paradana (A) 
Primarily annual, and some 
perennial species of 
Mediterranean origin. (Fix-) 
nodules with the perennial 
clover T. pratense and T. 
polymorphum. 
- (Reeve et al., 
2013c) 
WSM1689** No T. uniflorum (P) Single perennial species E-M (Howieson et 
al., 2005; 
Terpolilli et al., 
2014) 
CB782 No T. semipilosum 
(P) 
Perennial  A (Howieson et 
al., 2005) 
TA1 Yes T. subterraneum 
(A) 
Annual and Perennial 
species. Broad host-range on 
European and 
Mediterranean clovers. 
E-M (Howieson et 
al., 2005; Reeve 
et al., 2013a) 
CC275e Yes T. repens (P) Perennial species, T. 
pratense and T. repens 
E-M This study/ 
(Markowitz et 
al., 2011) 
CC283b* Yes T. ambiguum 
(P) 
Highly effective on Perennial 
species T. ambiguum 
E-M This study/ 
(Howieson et 
al., 2005) 
WSM2297 Yes T. africanum (P) Perennial A (Markowitz et 
al., 2011) 
WSM2012 Yes T. 
rueppellianum 
(A) 
Some annual and perennial 
species 
A (Howieson et 
al., 2005) 
WSM2304 Yes T. polymorphum 
(P) 
Highly competitive on 
perennial species, T. 
polymorpum.  
S-A (Reeve et al., 
2010b) 
WSM597 Yes T. pallidum (A) Annual S-A (Markowitz et 
al., 2011) 
CC278f Yes T. nanum (P) Perennial N-A (Howieson et 
al., 2005) 
(A), Annual clover species. (P), Perennial clover species. E-M, Euro-Mediterranean. A, Africa. S-A, 
South America. N-A, North America. -, unspecified. * Known to have a narrow host-range. ** 
Forms either no nodules or ineffective nodules on a range of annual and perennial species. 




Following the expression profiles revealed in Chapter 3, nodD divergence was 
investigated in an attempt to understand the causes of the observed variation in Rlt nod 
gene induction. Generally rhizobia possess multiple copies of nodD; however the 
literature consistently states that Rhizobium leguminosarum biovars contain one (Innes 
et al., 1985; Schlaman et al., 1992). Therefore the discovery that over half of Rlt strains 
on the IMG database appeared to contain a second copy of nodD is important as NodD is 
a critical nod gene regulator and a host-range determinant in the rhizobium-legume 
symbiosis (section 1.6.3.4). This suggests that Rlt nod gene regulation may be more 
complex than previously thought, with nodD2 likely playing a role in symbiosis. 
Therefore, this chapter primarily focussed on characterising the function and role of 
nodD2 in Rlt.  
We have access to 13 Rlt sequences on the IMG database and found eight strains contain 
this putative second copy of nodD (Figure 4.1). The nucleotide sequence identity of 
nodD1 and nodD2 is highly conserved between all 13 strains, with the lowest pairwise 
identity between any two copies of nodD being 75% (Table 4.3). Given the conservation 
with nodD1, this suggested nodD2 was a functional second copy. The majority of the 
work in the literature investigating Rlt nod genes focussed on strain ANU843. We do not 
have access to the sequence of this strain, but it likely does not contain a second copy of 
nodD, hence it has never been previously found. 
The nodA and nodD1 promoter regions overlap, and NodD constitutively binds the nodA 
nod-box promoter which causes negative autoregulation of nodD1 (section 1.6.3.3). The 
conserved nodA nod-box binding motif was identical between the strains of interest in 
this study (Figure 4.17). The -35/-10 consensus sequence in the nodD1 promoters was 
conserved in three of the four strains, excluding CC283b. Therefore the conservation of 
the canonical nod-box motif and the -35/-10 promoter element indicate no differences 
in nodD transcription or autoregulation conferred by these binding regions between 
strains. This suggested that variation in the functional regions of the NodD proteins in 
the four strains leads to different binding affinities to flavonoids or nod-boxes or 
interaction with RNAP, that may alter nod gene activation or the level of auto-regulation.  
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Flavonoids interact directly with NodD (section 1.6.3.4) and mutations can affect this 
function (Burn et al., 1987; McIver et al., 1989). The alignment of NodD1 from the four 
strains showed a very high degree of similarity, but slight variation was identified 
(Figure 4.18). Based on the expression results in Chapter 3, of particular interest was 
variation in nodA promoter activation between TA1 and CC275e. There are three amino 
acid variants unique to TA1 NodD1 (Figure 4.18), and previous studies demonstrated 
single amino acid changes can dramatically alter the function of NodD (McIver et al., 
1989; Spaink et al., 1989c) (section 1.6.3.5). These amino acid variants may help to 
explain the elevated expression levels observed in TA1. However, interpretation of the 
variation in nod gene expression is confounded by the presence of a second nodD in 
three of the four strains of interest.  
Two Rlt strains were chosen for mutational analysis, WSM1325 and TA1, which contain 
one and two copies of nodD, respectively. As expected, WSM1325ΔnodD showed 
abolished DHF-induced activation of the nodA promoter, indicating the single nodD was 
crucial for nodA activity. However, a nodD1 null mutation in TA1 was not sufficient to 
remove activation of the nodA promoter (Figure 4.3 & Figure 4.5). Unsurprisingly, 
WSM1325ΔnodD nodulation was completely abolished, in line with published results for 
Rlt and Rlv nodD mutants (Djordjevic et al., 1985; Downie et al., 1985). In contrast, 
TA1ΔnodD1 retained nodulation capability, although there was significant variation in 
wet weights of the plants inoculated with TA1 and TA1ΔnodD1, suggesting less effective 
infection (Figure 4.6B & F). Red clover was the exception, likely due to statistical error 
introduced by plant size variation observed for this Trifolium species. nodD1 mutants in 
rhizobial species that contain multiple copies of nodD commonly maintain nodulation, 
but at a reduced rate (Honma and Ausubel, 1987; Rodpothong et al., 2009). These 
results supported the hypothesis that nodD2 in TA1 was functional. 
Despite many difficulties, a nodD2 single and a nodD1nodD2 double markerless deletion 
mutant were constructed in TA1. Nodulation capacity of the double nodD mutant was 
completely abolished (Figure 4.10, Figure 4.11 and Figure 4.12), whereas both single 
mutants nodulated white, red and sub clover, confirming that nodD2 in Rlt was 
functional. However nodD1 was required for a rapid nodulation response equivalent to 
wild-type on these hosts. The Lotus symbiont, Mesorhizobium loti contains two copies of 
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nodD (Sullivan et al., 2002), and deletion of nodD1 in M. loti delayed nodulation by 
approximately three days, comparable to the nodD1 mutant results in this study. 
Recently Kelly et al. (2018) characterised the M. loti nodD1 and nodD2 mutants and 
showed that they exert their regulation at temporally and spatially distinct stages in 
symbiotic infection. In M. loti, NodD1 appears to promote IT formation, whereas NodD2 
is primarily involved in nod gene induction in the rhizosphere and in nodules. Each 
NodD is activated by different inducing compounds at distinct stages of symbiotic 
infection. This mechanism provides extra compatibility scrutiny, ensuring symbiosis 
with an effective partner. 
In this study there was significant NodD dependent variation in the flavonoid mediated 
induction of the nod gene operons (Figure 4.12), similar to observations in other species 
(Mulligan and Long, 1989; Kelly et al., 2018). NodD1 responded strongly to DHF and 
induced substantial expression from the nodA and nodF promoters, whereas activation 
by NodD2 was much lower. These results indicate NodD1 and NodD2 have significantly 
different induction capabilities, at least in response to the major white clover flavonoid, 
DHF.  
These data were presented in two different forms to aid in interpretation (Figure 4.13). 
Firstly, for the unnormalised induced expression (Figure 4.13A), most strains containing 
complementation plasmids activated both nodA and nodF above the wild-type. This is 
unsurprising due to the multiple copy complementation plasmid. However, 
normalisation of the data (Figure 4.13B), presented as a ratio of induced expression over 
the uninduced control, revealed different results depending on both the NodD, and the 
nod promoter. An increase in the number of copies of nodD should only equate to 
increased activation of the target promoters in the presence of inducer. If the increase in 
nodD copies also increases the basal expression of the nod genes in the absence of 
inducer, then the ratio of induced expression over the control would be decreased, and 
this is what we observed. The normalised expression of the nodA promoter in 
TA1ΔnodD1 complemented with nodD1 was lower than the unnormalised expression 
and was equivalent to wild-type. This means the basal uninduced nodA activity was 
higher in the presence of more copies of nodD. This was much more evident when 
looking at TA1ΔnodD2 complemented with nodD2, which displayed a much lower level 
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of normalised nodA expression than unnormalised expression. Therefore what appears 
to be increased induction of the promoter is actually an increase in the basal uninduced 
activation of the promoter. This suggests both copies of NodD are capable of a small 
degree of FITA of the nodA promoter, and that this is more significant for nodD2. For the 
nodF promoter however, this FITA phenotype seems to be absent, as the overall induced 
expression barely changes when expressed as a ratio of the control, indicating very 
consistent uninduced basal expression, despite increased copies of nodD in some strains.  
Although TA1ΔnodD1 showed little expression of the nodF promoter, the increased copy 
number of nodD2 in the complemented single and double mutants produced 
significantly increased nodF expression. Thus when sufficient numbers of active NodD2 
are present, NodD2 is capable of inducing strong nodF expression. Given that NodD 
mediated nod gene activation requires an appropriate inducer, in the presence of a more 
suitable flavonoid there would be a higher proportion of active NodD2 preferentially 
increasing nodF promoter expression. This supports the theory that nodD2 exists in 
some strains to confer an advantage by providing the capacity to interact with a wider 
range of host signals, and is consistent with reports that homologues of NodD within a 
single strain possess diversity in their signal sensitivities (Györgypal et al., 1991). 
Furthermore, it suggests an interaction with a different inducer, in line with the model 
proposed by Kelly et al. (2018).  
We observed further parallels to observations in M. loti (Kelly et al., 2018), where there 
was significant variation in IT initiation by TA1ΔnodD1 and TA1ΔnodD2 on white clover 
(Figure 4.14). There was a strong correlation between the number of ITs formed and the 
nodulation kinetics of each mutant.  
Both the constitutive and the nodA promoter gfp reporter plasmids revealed similar 
results confirming the low IT count observed in TA1ΔnodD1 (only containing nodD2) 
was not due to low gfp expression, but was a result of the nodD1 deletion itself. The 
qualitative visual assessment of fluorescence from strain TA1ΔnodD1 containing 
pSFTPAGFP revealed no issue with gfp expression, suggesting NodD2 sufficiently 
induced the nodA-gfp fusion. This apparent disparity between the nodA induction in the 
β-galactosidase assays compared with the IT assays may stem from the inducer; the in 
vitro assay utilised a single synthetic flavonoid, whereas for the IT assays TA1ΔnodD1 
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was exposed to a variety of substances in the rhizosphere (Broughton et al., 2000; 
Dennis et al., 2010). Moreover, it is conceivable that despite low nodA induction in 
TA1ΔnodD1, sufficient activation occurs for visible gfp expression, likely enhanced by 
the presence of gfp on a multi-copy vector. Therefore, although NodD2 can provide some 
functional redundancy in response to equivalent plant signals, it may have a lower 
binding affinity for white clover flavonoids compared with NodD1. This would result in 
production of less NF, and therefore initiation of fewer ITs. Alternatively, NodD2 may 
have a lower binding affinity for the flavonoids exuded at the root tips and inside ITs, 
implying a more important role for NodD2 at a different stage of infection.  
The purpose of NodD2 clearly extends beyond simple functional redundancy, therefore 
we investigated the hypothesis that nodD2 is more important for nodulation of other 
hosts (section 4.2.11). Although nodD2 was not absolutely necessary for nodulation on 
any of the hosts tested, nodulation appeared more successful on several cultivars in the 
presence of nodD2 alone compared with nodD1 alone or wild-type, suggesting nodD2 
was as effective if not more effective than nodD1 on some hosts (Figure 4.15). Together 
these results showed that TA1 nodD2 can compensate for the absence of nodD1 on some 
hosts, but more significantly, nodD2 appeared to enhance the ability of TA1 to respond 
to certain hosts and therefore extend the symbiotic host-range. This is the case in other 
species such as S. meliloti and R. tropici, where multiple copies of nodD broaden their 
host-range (Demont et al., 1994; del Cerro et al., 2015). However the replicate number 
for this experiment was very low and more host-range experiments will need to be 
performed in the future. 
The results in our study show resemblance to the phenotypes in M. loti where nodD2 
mutants lack an easily discernible nodulation phenotype and IT production is 
significantly hindered in TA1ΔnodD1 (Rodpothong et al., 2009; Kelly et al., 2018). In 
contrast however, we do not see a dominant rhizosphere control of nod gene expression 
by NodD2, as determined by the lack of induction of the nod promoters in response to 
DHF in TA1ΔnodD1. It is possible that by investigating the induction of the nod 
promoters using a single synthetic flavonoid in vitro, we have not provided an accurate 
picture of the nod gene expression that may be occurring in the rhizosphere. The IT 
results obtained using pSFTPAGFP partially support this as there appeared to be no lack 
of gfp expression from the nodA promoter in TA1ΔnodD1. However, DHF is the most 
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potent inducer exuded from the roots of T. repens (Redmond et al., 1986) and the results 
in Chapter 3 support the use of this flavonoid as providing an accurate representation of 
nod gene expression.  
This additional symbiotic compatibility check present in M. loti is difficult to understand 
in Rlt since not all strains carry nodD2. Presumably such a mechanism would impose a 
heavy selection pressure resulting in the universal presence of nodD2 and the results 
thus far indicated that on white clover, Rlt NodD1 was the dominant regulator involved 
in both activation of the nod genes and IT formation. However, the competitive ability of 
the Rlt nodD mutants on white clover provided very interesting results.  
The competitive ability of TA1ΔnodD1 was poor against both wild-type and TA1ΔnodD2 
on white clover, but given that NodD1 appears to be the dominant regulator for 
colonisation of the host, this was entirely expected. However, a very surprising and 
exciting outcome was the competitive disadvantage of TA1ΔnodD2 compared with TA1, 
despite indistinguishable nodulation kinetics and IT formation between these two 
strains on white clover. This demonstrates nodD2 has a role beyond simply extending 
the host-range to other species/cultivars and directly influences competitive ability.  
Since there does not appear to be a dominant role for NodD2 during root colonisation or 
IT formation, the competitive ability conferred by nodD2 strongly suggests NodD2 has a 
role in signalling during cortical IT penetration down into the nodule primordia and is 
important for competitive nodule formation. It appears that an analogous mechanism to 
that proposed by Kelly et al exists in Rlt, where NodD1 and NodD2 each exert control 
during defined stages of infection. 
This hypothesis implies that NodD2 will respond to a different inducer present in the 
cortical cells of the nodule primordia to that present on the root surface or within ITs. 
Recent studies revealed several regions of low conservation in the amino acid sequence 
between NodD1 and NodD2 of the same strain, which also correspond to important 
structural components of NodD (Kostiuk et al., 2013; Kelly et al., 2018). Several residues 
within these regions were also identified previously as specifically required for NodD 
co-inducer binding/response (McIver et al., 1989). Regions of reduced conservation, 
similar to those reported by Kelly et al. (2018), were identified in TA1 NodD1 and 
NodD2 and the predicted protein structures reveal these regions correspond to the 
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proposed flavonoid binding pocket entrance (Kostiuk et al., 2013)(Figure 4.20). This 
firmly supports the notion that NodD2 will respond to a different inducer than NodD1, 
or at least will respond differently to similar inducers. Therefore NodD2 may respond to 
a specific inducer produced during cortical IT penetration of nodule primordia, where 
NodD2 would influence the specific NF profile required for competitive nodulation and 
effective symbiosis. This would also explain the lack of NodD2 response to DHF, the 
major white clover flavonoid exuded from the roots. 
The hypothesis advanced in Chapter 3 proposed a two receptor system, in which the 
cortical receptor is stringent and requires a particular LCO profile, specifically 
perceiving the degree of fatty acid saturation. We have now also provided evidence that 
NodD2 exerts its influence at the same defined stage in symbiosis, suggesting a link 
between NodD2 and this secondary receptor. We also propose that the preference of 
this cortical host receptor is the major reason behind the phenological barrier that exists 
between clover types that most inoculants cannot cross (Howieson et al., 2005). 
Phylogenetic analysis of the NodD sequences from the 13 strains on the IMG database 
revealed four of the five NodD1 sequences from strains with only one NodD cluster 
together, and three of those four are annual clover symbionts (Table 4.5). WSM1689 is 
the exception, however this strain is strange in its uniquely narrow host specificity, 
known to only form effective nodules with a single host (Terpolilli et al., 2014).  
The remaining strains are either capable of nodulating both annual and perennial hosts, 
or are perennial only strains. The only other strain capable of nodulating perennial 
clover but lacking NodD2 is CB782, yet the clustering of CB782 NodD1 indicates this 
NodD may actually more similar to a NodD2, and perhaps this strain has evolved a single 
NodD with greater similarities to NodD2.  
Together this data reveals a very strong correlation between the presence of NodD2 and 
the ability to nodulate perennial clover species. Interestingly, we checked the sequence 
of 13 Rlv strains and found no evidence for the presence of nodD2. Rlv is the 
microsymbiont of Pisum sativum, an annual host species, which further supports the 
hypothesis that nodD2 exists in Rlt for nodulation of perennial hosts.  
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Along with phenological barriers, Howieson et al. (2005) looked at clover from three of 
the broad centres of origin and found few host-strain combinations formed effective 
symbiosis across geographical barriers, with particular specificity for effective 
nodulation within African clover species. Interestingly, our phylogenetic analysis of 
NodD sequences reveals that NodD2 also falls into geographical clusters based on the 
broad centres for clover diversity, further implicating the variation in NodD as crucial in 
determining symbiotic success with a particular host-type.  
Taken together the results provide substantial evidence suggesting NodD2 is a major 
genetic determinant differentiating annual and perennial clover nodulating Rlt strains. 
The origin of Rlt nodD2 appears to have occurred via two distinct mechanisms, either 
duplication or horizontal transfer depending on the strain. In strains CC278f, WSM2304, 
WSM2012, WSM597 and WSM2297, the relatedness of NodD1 and NodD2 indicate they 
arose by duplication, with homology between NodD1 and NodD2 ranging from 92 – 
100% (Table 4.4). This is reinforced by the proximity of nodD1 and nodD2 in strains 
WSM2304 and WSM597, where nodD2 is located in the nod gene cluster downstream of 
nodN. Moreover, the clustering of NodD1 and NodD2 in both WSM2304 and WSM597 
(Figure 4.23) indicate these strains only recently diverged. It would be interesting to 
determine whether these NodD2 proteins have functionally diverged from the NodD1 
proteins as found for TA1 NodD2. 
In contrast, nodD2 appears to have been horizontally acquired in other strains. This is 
evident in strains CC283b and CC275e where the NodD2 copies are 99% identical, yet 
share only 86 and 88% identity with their respective NodD1 sequences (Table 4.4). This 
suggests NodD2 in these strains came from the same origin. The clustering of NodD2 
from these two strains along with TA1 NodD2 (Figure 4.23) supports the hypothesis 
that all three strains acquired nodD2 from the same ancestor in the past, with TA1 
having acquired it earlier which explains increased divergence in that strain. This 
clustering is similar to observations by del Cerro et al. (2015) who uncovered separate 
clustering of nodD2 from the 5 NodD copies from R. tropici CIAT 899, leading the authors 
to propose a distinct evolutionary history for nodD2. The authors found NodD2 in R. 
tropici CIAT 899 clustered closely with Rhizobium freirei PRF 81 NodD2, and they 
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propose CIAT 899 acquired nodD2 to extend the host-range to fully nodulate common 
beans, for which nodD2 is necessary in that strain. 
Additionally, TA1, CC275e and CC283b nodD2 promoters are not conserved with the 
nodD1 promoters. There was no evidence of a conserved nod-box promoter motif or the 
conserved nodD1 -35/-10 sequence upstream of nodD2. Instead, a different conserved -
35/-10 sequence was predicted using PePPER (Figure 4.19) (section 2.5). This promoter 
variation supports the theory of horizontal acquisition of nodD2 and may result in 
varying levels of transcriptional activation of the two copies of NodD. 
Further investigation revealed the nod-box promoter motif and -35/-10 sequences were 
significantly conserved upstream of all NodD1 sequences from the 13 strains (data not 
presented). The NodD2 promoters of the majority of the strains show little to no 
conservation with the NodD1 promoters, with the exception of WSM2297 and 
WSM2012. These two strains contain NodD1 and NodD2 promoter regions with 
somewhat similar sequences supporting the idea of a duplication event, however there 
is reduced conservation of the -35/-10 sequence and the nod-box motif region. This 
would suggest a divergence in NodD1 and NodD2 function following duplication. 
The divergence of nodD2 from nodD1 in most strains may be a result of a duplication and 
subsequent accumulations of SNPs, gene conversion, or horizontal acquisition from an 
unknown ancestor. Either nodD2 arose in one strain by one of the aforementioned 
mechanisms and was subsequently acquired by other strains, or was inherited by 
multiple strains from the same ancestor. In TA1, the sequence surrounding nodD2 is 
littered with transposase fragments (Figure 4.8). The similarity between the 
transposases designated 2 and 12 (Figure 4.8) suggest a historical ectopic 
recombination event, which can occur between homologous transposable elements, and 
result in significant genome rearrangements and duplications or deletions (Ling and 
Cordaux, 2010; Muñoz-López and García-Pérez, 2010).  
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Overall, this study conclusively determined the presence of a functional copy of nodD2 
identified in the majority of Rlt strains investigated. Despite most rhizobia containing 
multiple copies of nodD (Rodriguez-Quinones et al., 1987; Göttfert, 1993), this is the first 
time a second nodD regulator been reported in R. leguminosarum. This study showed 
that NodD2 provides functional redundancy in nodulation when NodD1 is absent, yet it 
does not have a dominant role in colonisation or IT formation on white clover. NodD2 
displays a different flavonoid induction capacity than NodD1, and has a dominant role in 
nodulation on some hosts tested. Furthermore, it confers an advantage in competition 
even on a host where it is not required for successful nodulation. The NodD2 sequences 
cluster according to very distinct geographical and phenological barriers and a direct 
correlation is evident between the presence of NodD2 and the ability to form an effective 
symbiosis with perennial clover species.  
It appears that NodD2 has evolved to enable recognition of a particular inducer 
produced during cortical IT penetration to enable production of the correct type of 
signal for a high stringency cortical receptor present in the host. Therefore nodD2 
provides the Rlt strain with a wider host-range and a competitive advantage on certain 
types of clover. Furthermore, nodD2 may allow for an increase in the rate of adaption to 
new hosts over time by providing a secondary target for gain-of-function mutations as 
the strains evolve. 
Our main goal was to determine genetic traits that serve as competitive markers. The 
work in this chapter has established nodD2 as an important marker for the selection of 
superior competitive Rlt strains that can be used as commercial inoculants particularly 
for perennial clover species. NodD2 containing strains should enable effective 
competition on the perennial species white clover, which is the most abundant clover 




















Many of the genetic determinants of nodulation are well known, e.g. the nod genes. 
However the overall picture of the genetics of rhizosphere competence and competitive 
ability is more complex than traditional bottom-up genetic approaches can fully resolve. 
With the advancement of sequencing technologies, transcriptomic analysis of the 
rhizosphere using NGS offers a suitably in-depth methodology to investigate the scope of 
the genetic components that contribute to the success of particular strains, and is 
already being used to this end (section 1.9.1.1).  
In this chapter, a method for the transcriptomic analysis of rhizosphere-grown Rlt was 
developed and implemented to determine genes that contribute to competitive ability. 
Strain TA1 was grown under different conditions, including the rhizospheres of three 
species of clover, and then the transcriptomics of this strain were compared between 
conditions.  
The work was exploratory as this is a novel methodology for our lab and required 
learning an array of new techniques, and command-based analyses using Bash-scripting 
and the R programming language. The aim was to validate this methodology and 
subsequently apply it to other strains of Rlt in the future, to gain a comprehensive 
understanding of the genetics that contribute to competitive ability of Rlt in the 
rhizosphere.  
5.2 Explanation of methodology 
5.2.1 The selection of DEseq2 
DEseq2 was chosen for the DE analysis (Love et al., 2014). DEseq2, the successor of 
DEseq (Anders and Huber, 2010), is a tool available as an R/Bioconductor package, 
designed specifically to determine differential gene expression between multiple sample 
sets. It is regularly determined to be among the most reliable and consistent software 
packages for the analysis of DE genes (Seyednasrollah et al., 2013; Conesa et al., 2016; 
Costa-Silva et al., 2017).  
DEseq2 is a parametric method that uses a negative binomial model, similar to another 
popular DE package, edgeR (Robinson et al., 2010). This method corrects for biases 
introduced by library size and RNA composition. DEseq2 functions by building a model 
181 
 
based on the observed counts provided to it. To build this model there are several 
parameters taken into account. First, the library sizes between sample sets must be 
normalised. The geometric mean of replicate values for each gene is calculated. Each set 
of counts for a gene from each sample is divided by the geometric mean, and the median 
of these ratios determine the size factor for that sample.  
Next there is a variance parameter, termed dispersion. To determine the dispersion, first 
the gene-wise maximum likelihood estimates (MLE) are calculated using the data 
provided for each gene. It is assumed that genes that share similar expression strength 
would also share similar dispersion, providing an accurate estimate for the dispersion 
value of genes of particular strength. This allows for a curve to be applied that 
represents the overall trend, providing an accurate estimate of the dispersion value of 
genes of a particular expression level. This trend line is used in a subsequent round of 
estimates that is termed shrinkage. Using Empirical Bayes shrinkage, the gene-wise 
values are moved towards the curve, but the strength of shrinkage is modulated by two 
factors: How close the true and estimated dispersion values are; and the sample size, 
which is inverse to the strength of the shrinkage. Therefore as sample size increases, the 
shrinkage becomes less significant. The result of shrinkage is that the values of all the 
genes are shifted towards a middle value, with the amount of observed data for each 
gene determining the level of movement. Genes with a large amount of information are 
shifted very little and genes with little information are shifted towards the middle. This 
shrinkage estimation adds power in the analysis as it can allow for testing of genes that 
have low counts and are poorly represented in the data set, and this also reduces the 
number of false positives in the analysis. 
5.2.1.1 Log fold change threshold 
The reason for using a log2FC is simple. When comparing two samples, a ratio is a logical 
measure of difference, yet up and downregulated genes are not treated equally. The 
values are log base 2 transformed, as logarithms do treat numbers and reciprocals 




5.3.1 RNA extraction of samples 
There have been few studies of the transcriptome of rhizobia isolated from the 
rhizosphere of their host legume. Therefore, a method had to be developed that was 
suitable for extracting Rlt from the clover rhizosphere. A protocol was provided by Dr. 
Vinoy Ramachandran (Oxford University), who is an expert on transcriptomic studies 
involving Rlv and its host, peas. This protocol was modified to include the use of the 
‘pillow’ system, detailed in section 2.12.7. This system was utilised due to the relatively 
small seed and plant size of Trifolium, to allow growth of a larger number of plants in 
order to provide sufficient numbers of rhizosphere-grown rhizobia. The extraction of 
RNA was performed from the rhizosphere of the three clover species, as well as from TY 
broth as described in section 2.13.1.  
5.3.1.1 Quality and quantity of RNA samples 
For visualisation of the integrity of RNA samples, they were run on an automated 
capillary electrophoresis Bioanalyser system (section 2.13.1.5.1). A single example each 
for a rhizosphere and broth culture isolated sample is shown in Figure 5.1. An RNA 
integrity number (RIN) is the current standard for RNA quality assessment. An RIN ≥8 is 
indicative of good quality RNA (Mueller et al., 2004). A low RIN indicates degraded RNA, 
with recommendations not to use RNA with an RIN below 5 for downstream processes 
such as RNA-seq (Fleige and Pfaffl, 2006).  
Both the rhizosphere and broth culture samples show clear 23S and 16S rRNA peaks 
with a substantial small-RNA peak present just above the 25 nt DNA marker. An RIN 
number could not be generated for these samples, due to both the presence of the 
sizable small-RNA peak and the small 23S/16S rRNA ratio (Table 5.1). Both negatively 
influence the algorithm used to generate the RIN. The RIN was therefore ignored and 
RNA quality was assessed by visual interpretation of distinct rRNA peaks and clear 
bands present in the gel, with no indication of smearing expected for degraded RNA. 
This method of determining RNA quality was applied to all samples. 
The concentration of the RNA extracted was much lower from the rhizosphere samples 
compared with pure broth culture (Table 5.2). The total RNA required for the next step 








Figure 5.1 Electropherogram with corresponding gel lane for samples of total RNA 
extracted from Rlt TA1.  A) Total RNA of TA1 white clover sample 3 run on the Agilent 
Bioanalyser. Figure produced using the 2100 expert software. B) Total RNA of the TA1 broth 
sample 1 run on the Experion Automated Electrophoresis Station. Figure produced using the 
Experion software.  
 
Table 5.1 Summary of the total RNA quality of two samples determined using a 
miniaturised electrophoresis system. 
Sample Name RNA Area  RNA Concentration 
(ng/µl) 
Ratio [23S/16S] 
White clover Sample 3 48.8 36 0.9 




Table 5.2 The concentration of total RNA extracted from Rlt TA1 isolated from various 
conditions.  
Sample RNA Concentration Total RNA 
TA1 (White Clover) 1 53 ng/µl 2650 ng 
TA1 (White Clover) 2 16 ng/µl  800 ng 
TA1 (White Clover) 3 36 ng/µl  1800 ng 
TA1 (Sub Clover) 1 21 ng/µl 2100 ng 
TA1 (Sub Clover) 2 27.5 ng/µl 2750 ng 
TA1 (Sub Clover) 3 23.5 ng/µl 2350 ng 
TA1 (Red Clover) 1 20 ng/µl 2000 ng 
TA1 (Red Clover) 2 23 ng/µl 2300 ng 
TA1 (Red Clover) 3 23.5 ng/µl 2350 ng 
TA1 (Broth culture) 1 177 ng/µl 8850 ng 
TA1 (Broth culture) 2 159 ng/µl 7950 ng 
TA1 (Broth culture) 3 187 ng/µl 9350 ng 
* The total RNA is in a final volume of either 50 or 100 µl of FS MilliQ H2O. 
 
5.3.2  RNA sequencing 
Three replicates were performed for each of the treatment types, which were the 
rhizospheres of white, red and sub clover, along with a set of broth culture samples to 
serve as a control. None of the extraction, library preparation, or sequencing procedures 
were outsourced and the protocols followed are detailed in section 2.13.  
5.3.3 Bioinformatic analysis of RNA-seq samples  
5.3.3.1 Read mapping to reference sequence 
Initially the mapping of reads to the reference genome was outsourced due to a lack of 
expertise in our lab group. Dr. Joshua Ramsay (Curtin University) performed quality 
control on the initial FASTQ raw read files which included sorting, trimming and 
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indexing of the files. An equivalent Bash script has since been written as part of this 
study to enable future work (Appendix D).  
5.3.3.1.1 Rlt strain TA1 reference sequence 
The Rlt reference genome is WSM1325; however this strain has a genome size of 
7,418,122 bp and contains 5 plasmids (Reeve et al., 2010a). There is a high quality draft 
genome sequence available for TA1 consisting of six scaffolds. TA1 has a genome size of 
8,618,824 bp (Reeve et al., 2013a) and contains 4 plasmids (Król et al., 2008). As TA1 
was the strain used for our RNA-seq experiments, and due to the variation in genomes 
between WSM1325 and TA1, the TA1 draft genome was used as the reference sequence 
for mapping of the reads. 
5.3.3.2 Quality control for reads 
Nesoni-clip (http://www.vicbioinformatics.com/software.nesoni.shtml) was used by Dr. 
Ramsay to quality control and trim the raw FASTQ reads. The default parameters for 
Nesoni-clip use a Phred quality score (Q) of Q10 at a minimum length of 24. 
The script written for future use utilises Trimmomatic (section 2.13.5.1.2) in place of 
Nesoni-clip for quality control of the raw FASTQ files. FASTQC was performed on the 
raw FASTQ reads to visualise the read quality and determine the parameters to select 
for Trimmomatic, which are detailed in the Bash script in appendix D. As an example, the 
quality of the raw FASTQ reads is shown for white clover sample 1 (Figure 5.2A). 
Trimmomatic uses a method called Slidingwindow to control read quality. 
Slidingwindow was set to 4:15 which means Trimmomatic scans the reads from 5’ to 3’ 
in 4 bp blocks, and continues as long as the sequence remains at a quality of Q15 or 
higher. The sequence is trimmed at the point where the average quality in the window 
drops below this threshold. Following trimming, the sequences are consistent in quality 
and length across all samples. An example showing the quality of the trimmed FASTQ 









Figure 5.2 Per base sequence quality produced by the FASTQC report.  A) White clover 
sample 1 raw FASTQ reads. B) White clover sample 1 trimmed FASTQ reads. The Y-axis shows 
the Phred quality score. As sequence length increases the Q score decreases.  
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5.3.3.3  Alignment using Bowtie2 
The trimmed reads were indexed and aligned to the TA1 reference genome using Bowtie 
2 (Langmead and Salzberg, 2012). Although this was performed by Dr. Josh Ramsay, the 
equivalent selected parameters are shown in the Bash script in appendix D. 
The broth culture samples grown in TY were pure and therefore the majority of the 
reads mapped to the TA1 reference, at an average of 96.9% (Table 5.3). In contrast, the 
proportion of reads that mapped to TA1 for the three rhizosphere sample sets was very 
low (Table 5.3). This would normally indicate an issue in the experimental procedure, 
however, this was expected due to the growth conditions. The rhizosphere samples 
contained contaminating organisms and plant RNA that constituted a significant 
proportion of the extracted RNA.  
Table 5.3 Mapping statistics of the TA1 broth culture, white clover, red clover and sub 
clover samples against the TA1 reference genome.  
Sample Reads 
processed 








TA1 Broth 1 3,686,329 115,353 2,169,730 1,401,246 96.87% 
TA1 Broth 2 1,775,331 60,571 1,095,265 619,495 96.58% 
TA1 Broth 3 2,439,292 68,495 1,383,837 986,960 97.19% 
TA1 White clover 1 5,750,798 4,634,334 993,920 122,544 19.41% 
TA1 White clover 2 19,786,880 15,226,556 3,627,749 932,575 23.04% 
TA1 White clover 3 1,746,566 1,412,927 273,725 59,914 19.10% 
TA1 Red clover 1 1,221,293  984,471  205,956  30,866 19.69% 
TA1 Red clover 2 1,160,310  945,593  192,474  22,243  18.51% 
TA1 Red clover 3 4,299,485  3,763,675  461,307  74,503 12.46% 
TA1 Sub clover 1 1,850,071  1,731,256  79,403  39,412 6.42% 
TA1 Sub clover 2 2,994,663  2,645,938  261,429  87,296  11.65% 
TA1 Sub clover 3 1,031,997  945,738  63,131  23,128  8.36% 
* Reads aligned to TA1 reference genome using Bowtie2.  
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5.3.4 Differential expression analysis performed using 
R/Bioconductor 
To analyse the Rlt TA1 genes differentially expressed under the different conditions, the 
programming language, R, in the RStudio environment was used (R Core Team, 2013; 
RStudio Team, 2015), along with the Bioconductor suite (section 2.13.5.2.1) (Gentleman 
et al., 2004; Huber et al., 2015).  
5.3.5 Analysis of each treatment against the control sample 
The DE between triplicate rhizosphere samples from the three clovers (treatments) 
were compared with pair-wise triplicate TA1 broth culture samples (control). A series of 
figures were generated to visually interpret the shrinkage and expression profiles 
generated using DEseq2.  
5.3.5.1 Hypothesis testing in DEseq2 
5.3.5.1.1 Log fold change threshold 
The log fold change (LFC) threshold determines the ratio at which up and 
downregulated genes are considered significantly different. The LFC is determined by 
the user, and usually 1.5 – 2- fold differences between control and treatment are 
considered interesting. In this study rhizosphere-induced genes with DE of ≥1.5-fold 
were investigated. The lfcThreshold argument was set to 0.585, the log2 of 1.5.  
5.3.5.1.2 False discovery rate 
The false discovery rate (FDR) is the expected proportion of type I errors. A type I error 
is the incorrect rejection of the null hypothesis. These false positives are controlled for 
using the Benjamini–Hochberg (BH) procedure (Benjamini and Hochberg, 1995), which 
is designed to decrease the FDR, and give the analysis better statistical power. The FDR 
was set in this study using the argument “alpha” to 0.05, meaning the FDR was set to 5%.  
5.3.5.2 Dispersions estimates 
The dispersion estimates performed by DEseq2 (section 2.13.5.3) were visualised using 
the function plotDispEsts in the Deseq2 Bioconductor package. The dispersion estimates 
for the three TA1 clover rhizosphere samples each compared with TA1 broth culture 
samples are shown in Figure 5.3. The data were expected to scatter around the curve, 
with a decrease in dispersion as the mean expression increased. This was observed for 
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the white clover and red clover vs broth analyses (Figure 5.3A & B), but not with the sub 
clover vs broth analysis (Figure 5.3C), which is likely due to the very low number of 










Figure 5.3 Visualisation of the dispersion estimates performed by Deseq2.  Each black dot 
represents the dispersion estimate of each gene based on the data, the red line is the trend line 
and the blue dots represent each gene following shrinkage towards the trend line. A) White 
clover vs broth culture samples. B) Red clover vs broth culture samples. C) Sub clover vs broth 
culture samples.  
5.3.5.3 MA-plot 
An MA-plot (M for log ratio, A for average) shows the estimated fold change over the 
average expression strength, when comparing sample sets. The MA-plots in Figure 5.4, 
revealed the estimated fold change of genes over the average expression strength for the 
three rhizosphere treatment samples, compared to the broth culture samples. The 
strange pattern visible in all three MA-plots with lines forming appears to be an artefact 
caused by disproportionate library sizes between the samples. The MA-plots indicate 












Figure 5.4 MA-plot of the white clover rhizosphere samples compared with the broth 
culture samples of TA1.  A global view of the DE genes with log2 fold change on the y-axis and 
the mean of normalised counts, normalised by size factor, displayed on the x-axis. Each gene is 
indicated by a dot. The genes indicated by a red dot have an adjusted p-value of less than 0.05. A) 
White clover vs broth culture samples. B) Red clover vs broth culture samples. C) Sub clover vs 
broth culture samples.  
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5.3.6 Selection of RNA-seq guided rhizosphere-induced 
genes of interest 
Both the white clover and red clover samples revealed relatively successful mapping 
statistics. However the mapping statistics for the sub clover rhizosphere samples were 
poor, and therefore no further work was done with this treatment.  
The analysis of rhizosphere-induced DE Rlt genes revealed 548/447 up/downregulated, 
and 190/218 up/downregulated, for the white and red clover rhizosphere treatments, 
respectively. Included in the upregulated white clover rhizosphere genes were the nod 
genes: nodD2, nodE, nodA, nodC and nodM. Although not all were identified, it was an 
important indicator of success of the analysis that nod genes were identified as 
significantly induced in the rhizosphere treatment samples. 
To simplify the selection of target genes for investigation, the candidate pool was 
narrowed down. The two rhizosphere data sets were ordered to display their top thirty 
upregulated genes, determined by the LFC. The two sets of thirty genes were then 
compared side-by-side to check for overlap (Figure 5.5). The results showed 11 out of 
30 genes were upregulated in both rhizospheres. Selection of genes upregulated in both 
separate rhizosphere analyses was expected to minimise the probability of selecting 
false positives, and therefore enhance the robustness of the study. 
To validate this use of RNA-seq to identify important rhizosphere genes, three were 
selected for further study. Two genes were initially selected for mutation based on the 
their high LFC, upregulation in two separate rhizospheres, and upregulation of multiple 
genes in an apparent operon. The third selection was made based on homology to an 





Figure 5.5 Comparison of the 30 TA1 genes with the highest LFC in the rhizosphere of white clover and red clover, when compared with 
TA1 grown in broth culture.  Grey indicates genes only in the white clover top 30 group, pink indicates genes only in the top 30 red clover group, 
and orange indicates the genes present in both groups. The genes are arranged as groups where they appear to be operonic. The gene ID in the left 
column is determined by the genome feature file (GFF) used in the RNA-seq analysis. 
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5.3.7 RNA-seq guided mutational analysis 
5.3.7.1 Gene glnP – Putative amino acid ABC transporter membrane protein 
The genes with the ID TA1_01124 and TA1_01126 were present in the top 30 
upregulated genes of both rhizospheres, and TA1_01127 and TA1_01125 were included 
in the top 30 white clover and red clover rhizosphere-induced genes, respectively 
(Figure 5.5). The putative function of TA1_01125, TA1_01126, TA1_01127 and 
TA1_01128 indicated these products may be of related function. Moreover, they 
appeared to be associated with an apparent operon along with several other genes 
(Figure 5.6).  
Outside of the top 30 upregulated genes from both rhizospheres, TA1_01127, and 
TA1_01129 were also significantly upregulated. Therefore from the eight genes listed in 
Table 5.4, only TA1_01123 and TA1_01130, encoding putative transcriptional 
regulators, were not significantly upregulated in the white clover rhizosphere.  
 
Figure 5.6 The genetic context surrounding glnP in Rlt strain TA1.  The genes are numbered 
underneath and the numbers correspond to the putative functions listed in Table 5.4. 
 
The genes numbered 3 – 6 (Table 5.4, Figure 5.6) encode the putative gene products, 
GlnM, GlnP, GlnQ and GlnH, respectively. They are members of the polar amino acid 
transporter (PAAT) family. The glnP gene, encoding a putative amino acid ABC 
transporter membrane protein, was selected as the target for construction of an in-
frame markerless deletion mutant. The menG gene appears to be involved in pyruvate 
formation and not involved in glutamine metabolism. There is a small gap between gene 
6 and 7, suggesting menG may not be part of the operon. 
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Table 5.4 List of putative gene products from the genes in the operon surrounding the 







Putative product (from GFF file, IMG 




TA1_01123 Hypothetical - - LysR family transcriptional regulator 1 
TA1_01124 YdfG 6.4 5.52 NADP-dependent 3-hydroxy acid 
dehydrogenase 
2 
TA1_01125 GlnM 4.96 5.7 Amino acid ABC transporter membrane 
protein 1, PAAT family 
3 
TA1_01126 GlnP 8.1 - Amino acid ABC transporter membrane 
protein 2, PAAT family 
4 
TA1_01127 GlnQ 6.6 5.29 Amino acid ABC transporter ATP-binding 
protein, PAAT family 
5 
TA1_01128 GlnH 5.91 - Amino acid ABC transporter substrate-
binding protein, PAAT family 
6 
TA1_01129 MenG 5.6 4.87 4-hydroxy-4-methyl-2-oxoglutarate 
aldolase 
7 
TA1_01130 Hypothetical - - LacI family transcriptional regulator 8 
* The putative products for each protein were determined using a combination of information 
from the TA1 reference GFF file, the IMG database and the NCBI database. WC, white clover. RC, 
red clover.  
 
5.3.7.2 Gene accC – Putative biotin carboxylase 
TA1_01117 and TA1_01119 were present in the top 30 upregulated genes in both 
rhizospheres (Figure 5.5). Additionally, TA1_01116 was included in the top 30 up-
regulated genes of the white clover rhizosphere. The annotation of the TA1_01116, 
TA1_01117 and TA1_01119 putative gene products suggested they were functionally 
related, and they appeared to be associated with an apparent operon (Figure 5.7). The 
TA1_01116 and TA1_01117 gene products were annotated as a biotin carboxyl carrier 
protein of acetyl-CoA carboxylase (accB) and a biotin carboxylase (accC), respectively 
(Table 5.5). accBC are two subunits of the Acetyl CoA carboxylase (ACC) enzymes that 
forms malonyl-CoA from acetyl-CoA and bicarbonate. The genes listed as TA1_01118, 
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TA1_01120 and TA1_01121 (Table 5.5) were also significantly upregulated, but not in 
the top 30 of either rhizosphere. The third gene in the operon, TA1_01118, encodes a 
putative acetyl-CoA carboxylase biotin carboxylase subunit (Table 5.5). The accC gene, 
encoding a putative biotin carboxylase, was selected as the target for construction of an 
in-frame markerless deletion mutant. 
 
Figure 5.7 The genetic context surrounding accC in Rlt strain TA1. The genes are numbered 
underneath and the numbers correspond to the putative functions listed in Table 5.5.  
 
Table 5.5 List of putative gene products from the genes in the operon surrounding the 
putative accC.   






Putative product (from GFF file, 
IMG database and NCBI) 
Number on 
Figure 5.7 
TA1_01116 AccB 7.54 - Biotin carboxyl carrier protein of 
acetyl-CoA carboxylase 
1 
TA1_01117 AccC 8.69 7.4 Biotin carboxylase 2 
TA1_01118 Hypothetical 6.03 - acetyl-CoA carboxylase biotin 
carboxylase subunit 
3 
TA1_01119 Hypothetical 7.43 6.5 Sensor histidine kinase inhibitor, KipI 
family  
4 
TA1_01120 Hypothetical 5.56 - Allophanate hydrolase 5 
TA1_01121 Hypothetical 5.61 - LamB/YcsF family protein 6 
TA1_01122 AatA - - Aspartate aminotransferase A 7 
* The putative products for each protein were determined using a combination of information 
from the TA1 reference GFF file, the IMG database and the NCBI database. WC, white clover. RC, 
red clover.  
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5.3.7.3 Gene 04711 – Putative type I secretion ABC transporter ATP binding 
protein 
The genes with the ID TA1_04705, TA1_04707, TA1_04708, TA1_04710, TA1_04711, 
TA1_04712 and TA1_04713 were significantly upregulated in the white clover 
rhizosphere, although none were included in the top 30-upregulated genes of either 
rhizosphere. However, the annotation produced by the TA1 GFF file labelled TA1_04711 
and TA1_04710 as the prsD and prsE genes, respectively, which encode a type I secretion 
system (T1SS). 
Investigation revealed TA1_04711 and TA1_04710 were not prsD and prsE, and despite 
no significant homology (determined by pairwise BLASTn alignment), TA1_04710 and 
TA1_04711 appeared to encode similar gene products; a putative type I secretion 
membrane fusion protein, and a type I secretion system transporter ATP binding 
cassette (ABC) protein, respectively (Figure 5.8, Table 5.6). The main reason for 
selection of these genes is that they appear to encode a T1SS upregulated in the white 
clover rhizosphere, but not in the red clover rhizosphere (Table 5.6) which suggested a 
possible host-specific role. The putative membrane fusion protein, TA1_04711, was 
selected to construct an in-frame markeless deletion. 
 
Figure 5.8 The genetic context surrounding 04711 in Rlt strain TA1.  The genes are 











Putative product (from GFF file, 




TA1_04703 Hypothetical - - Glycosyl transferase 1 
TA1_04704 Hypothetical - - Cellobiose phosphorylase 2 
TA1_04705 Hypothetical 2.86 - xylulose-5-phosphate/fructose-6-
phosphate phosphoketolase 
3 
TA1_04706 Hypothetical - - Predicted transcriptional regulator, 
contains C-terminal CBS domains 
4 
TA1_04707 Hypothetical - - Putative ATP-binding cassette transporter 5 
TA1_04708 Hypothetical 2.94 - Putative cellulose biosynthesis protein 6 
TA1_04709 Hypothetical - - Highly conserved hypothetical protein 7 
TA1_04710 Hypothetical 2.92 - Type I secretion membrane fusion 
protein, HlyD family 
8 
TA1_04711 Hypothetical 4.72 - Type I secretion ABC transporter ATP 
binding protein 
9 
TA1_04712 Hypothetical 4.01 - Hypothetical protein 10 
TA1_04713 Hypothetical 3.65 - Fibrinogen binding protein 11 
* The putative products for each protein were determined using a combination of information 





5.3.8  Construction of the three mutants 
5.3.8.1 Construction of the 04711, glnP and accC in-frame markerless deletion 
mutants in strain TA1 
Each of the three genes selected for mutation appeared to exist in an operon; therefore 
to prevent polar effects mutations were constructed as in-frame markerless deletions, as 
outlined in section 2.11.1.  
Gibson reactions were used to generate the in-frame markerless deletion constructs 
(section 2.11.1.1) consisting of the ~1 - 1.2-kb arm regions (Figure 5.9A) that flank the 
target sequence. The primer sets, TA1 04711 LL/TA1 04711 RR, TA1 GlnP LL/TA1 GlnP 
RR and TA1 accC LL/TA1 accC RR, were used in a PCR screen, using plasmid DNA as 
template to amplify a 2156 bp, 2173 bp and 2192 bp product representing the correct 
size insert for the 04711, glnP and accC mutant construct, respectively (Figure 5.9B, C & 
D).  
Exconjugant DNA was subjected to PCR using primer sets 04711 SXO check fwd/04711 
SXO check rev cr, GlnP SXO check fwd/GlnP SXO check rev cr and AccC SXO check 
fwd/AccC SXO check rev cr that amplify across site where the arms join for the TA1 
04711, glnP and accC mutants, respectively. The successful SXO event was identified in 
clones where both a wild-type and deletion variant allele was amplified (Figure 5.9E, F & 
G). Following the DXO event, confirmation of the in-frame markerless deletion mutants 
was performed by PCR using the SXO flanking primers (Figure 5.9H, I & J). Successful 
deletion mutant clones amplified a 371 bp, 355 bp and a 457 bp product for TA1 04711, 
glnP and accC, respectively. An extra confirmation check of the mutants was performed 
by PCR using a combination of flanking and internal primers (Figure 5.10A, B & C). The 
expected wild-type and mutant products are listed in Table 5.7. All three mutants 
revealed a successful clone. The 04711, glnP and accC mutants were designated 
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Figure 5.9 Agarose gel electrophoresis of PCR amplified products during the construction 
of TA1Δ04711, TA1ΔglnP and TA1ΔaccC in-frame markerless deletion mutants.  The lanes 
marked M represent λ HindIII/фX174 HaeIII DNA standard marker. DNA marker sizes are 
indicated in kb. A) Lanes 1 - 2, 3 – 4, and 5 - 6 represent the left and right arm for the 
TA1Δ04711, TA1ΔglnP and TA1ΔaccC markerless deletion constructs, respectively. B, C & D) PCR 
products amplified from clones containing pJQ200SK deletion constructs. Lane 1 in each 
represents a TA1 positive control. B) Lanes 2 – 7 represent deletion constructs for TA1Δ04711. 
C) Lanes 2 – 7 represent deletion constructs for TA1ΔglnP. D) Lanes 2 – 7 represent deletion 
constructs for TA1ΔaccC. E, F & G) PCR confirmation of SXO clones containing a wild-type band 
and a deletion variant. Lane 1 in each represents a TA1 positive control. E) Lanes 2 – 9 represent 
GmR clones containing the TA1Δ04711 pJQ200SK construct. F) Lanes 2 – 9 represent GmR clones 
containing the TA1ΔglnP pJQ200SK construct. G) Lanes 2 – 9 represent GmR clones containing 
the TA1ΔaccC pJQ200SK construct. H, I & J) PCR confirmation of the DXO event where clones 
should contain either a wild-type band or a deletion variant band. Lane 1 in each represents a 
TA1 positive control. H) Lanes 2 – 13 represent TA1ΔaccC clones. I) Lanes 2 – 24 represent 
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Figure 5.10 Agarose gel electrophoresis of PCR amplified products to confirm the 
TA1ΔaccC, TA1Δ04711 and TA1ΔglnP in-frame markerless deletion mutants. Confirmation 
of the presence of a wild-type or mutant allele using phenol/chloroform DNA extractions as 
template for PCR. The lanes marked M represent λ HindIII/фX174 HaeIII DNA standard marker. 
A) Lane 1 - 3 represents wild-type TA1. Lanes 4 – 6 represent bands of the TA1ΔaccC. B) Lane 1 - 
5 represents wild-type TA1. Lanes 6 – 10 represent bands of TA1Δ04711 clone 8. Lanes 11 - 15 
represent bands of TA1Δ04711 clone 15. C) Lane 1 - 5 represents wild-type TA1. Lanes 6 - 10 
represent bands of TA1ΔglnP clone 4. Lanes 11 - 15 represent bands of TA1ΔglnP clone 9. The 
expected band sizes from left to right are detailed in descending order in Table 5.7. 
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Table 5.7 List of the expected DNA band sizes following PCR confirmation of TA1ΔaccC, 
TA1Δ04711 and TA1ΔglnP using a combination of primer sets.  
 
Mutant primer pairs 
Expected PCR amplified products 
Wild-type band size Mutant band size 
TA1ΔaccC   
9 + 10 1645 bp 355 
9 + 12 462 bp N/A 
10 + 11 548 bp N/A 
TA1Δ04711   
13 + 14 2573 371 
13 + 16 632 N/A 
14 + 15 545 N/A 
17 + 18 4544 2342 
19 + 20 498 N/A 
TA1ΔglnP   
21 + 22 1165 457 
21 + 24 320 N/A 
22 + 23 349 N/A 
25 + 26 3101 2393 
27 + 28 382 N/A 
* The numbers correspond to specific primers as detailed in the oligonucleotide Table 2.4 
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5.3.9 Symbiotic properties of the RNA-seq guided mutants 
The symbiotic phenotype of the RNA-seq guided mutants was investigated using 
nodulation and competition assays. The hypothesis was that the mutants should be 
deficient in colonisation or competition if the genes of interest conferred an advantage 
in the rhizosphere, as was suggested by the RNA-seq results.  
5.3.9.1 Nodulation kinetics of the RNA-seq guided mutants 
The nodulation kinetics of TA1Δ04711, TA1ΔglnP and TA1ΔaccC were determined on 
white (Figure 5.11A, B & C) and red clover (Figure 5.11D, E & F), the clover species used 
for the RNA-seq analysis. No statistically significant difference was seen between any of 
the three mutants compared with wild-type TA1 for either the number or rate of nodule 
formation, indicating that the particular mutations had no impact on nodulation kinetics.  
5.3.9.2 Competitive ability of the RNA-seq guided mutants 
The competitive ability of TA1Δ04711, TA1ΔglnP and TA1ΔaccC was investigated 
relative to TA1 using the vector based competition assays (section 2.12.8.2). TA1Δ04711 
and TA1ΔglnP revealed a competitive disadvantage compared with TA1 (Figure 5.12). 
The difference between the reciprocal pairs showed TA1 occupied on average 10.5% 
and 13.4% more nodules than TA1Δ04711 and TA1ΔglnP, respectively. Furthermore, the 
RCI (section 2.12.8.2.4) for TA1Δ04711 and TA1ΔglnP compared to TA1 was 0.81, and 
0.76, respectively. Taken together, these results showed 04711 and glnP each confer a 
considerable influence on competitive ability for nodule formation. In contrast, the RCI 
of TA1ΔaccC compared with TA1 was 1.04, indicating that deletion of accC had no 




Figure 5.11 Nodulation kinetics of TA1 wt, TA1Δ04711, TA1ΔglnP and TA1ΔaccC on white 
and red clover up to 35 dpi. The percentage of plants nodulated is plotted on the left Y axis and 
average number of nodules per plant is plotted on the right Y axis. A, B & C) Nodulation kinetics 
on white clover. D, E & F) Nodulation kinetics on red clover. The plants inoculated with the 
water-only control were included but no nodules formed. One biological replicate was 




Figure 5.12 The relative competitive ability of TA1 wild-type and RNA-seq guided mutant 
strains. The percentage of nodule occupancy determined by the presence of blue/non-blue 
nodules following staining of white clover plants inoculated with pairs of Rlt TA1 wt and RNA-
seq mutant strains in 1:1 ratio. The results for each pair of strains is the sum of the top five 
nodules formed on 10 plants, where 5 were available. 45 - 50 nodules were counted for each 
pair of strains assessed. Presented as the average of nodule counts across three biological 
replicates. The 50% threshold is indicated by a red line.  
208 
5.4 Discussion  
The difficulty with determining the genetics of competition is that most genes involved 
in growth or saprophytic competence will likely elicit some phenotypic defect in 
competition if studied by way of reverse genetics (Sadowsky and Graham, 1998). 
Transcriptomic analysis of rhizosphere-grown rhizobia, particularly in combination 
with NGS, offers an unobtrusive approach to understanding the genetics of an organism 
in the rhizosphere and to gain an understanding of what influences the competitive 
ability of one strain over another in vivo. In this chapter we aimed to develop a method 
to allow us to take a snapshot of the transcriptome of an Rlt strain isolated from the 
rhizospheres of different clover on which the Rlt strain displays significantly different 
symbiotic capability, with the aim of identifying genetic traits underlying variation. 
In collaboration with Dr. Vinoy Ramachandran (Oxford University), a method was 
developed for performing RNA-seq on clover–grown rhizobia. The RNA extraction 
method utilised was similar to that used to study the pea rhizosphere (Ramachandran et 
al., 2011). However, pea plants are bigger than clover with substantially larger root 
systems. Therefore, we used a different method for growing clover in large quantities, 
the pillow system (section 2.12.7), to increase the root mass and consequently increase 
surface area of the rhizosphere from which the Rlt strain was isolated. An issue with this 
system was that contaminants escape the surface sterilisation procedures and colonise 
the rhizosphere. Ramachandran et al. (2011) used single confined pea plants and 
discarded those that showed signs of contamination before rhizobia were isolated from 
the roots. Our bulk approach using the pillow system did not afford this type of quality 
control, which resulted in contamination in the rhizosphere samples. 
The current standard for quality assessment of RNA samples prepared for use 
downstream in RNA sequencing or RT-qPCR is based on an RIN produced by the 
Bioanalyzer automated capillary electrophoresis system (section 2.13.1.5.1) (Mueller et 
al., 2004; Schroeder et al., 2006). However, the use of an RIN is a very poor estimation of 
RNA quality in some cases (Bhagwat et al., 2013). The RIN is calculated based on the 16S 
and 23S ribosomal RNA peaks, specifically the ratio of the abundance of the two peaks. 
The RIN algorithm is generated from a limited dataset composed mainly of eukaryotic 
RNA, often not containing small RNAs. It does not account for variation in rRNA often 
seen in prokaryotes, where mature rRNA can be fragmented (Evguenieva‐Hackenberg, 
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2005). Therefore, in situations where fragmentation of 23S has resulted in extra rRNA 
peaks, or 23S/16S ratios below ~1.5, the RIN erroneously predicts degraded RNA. 
The RIN for the Rlt samples in this study were erroneous due to both the presence of 
small RNAs and processing of the 23S rRNA, similar to observations in Rlv (Karunakaran 
et al., 2009). Many α-Proteobacteria including Rlt (Selenska-Pobell and Evguenieva-
Hackenberg, 1995) undergo fragmentation of the 2.9 kb 23S rRNA into three fragments 
of 1.3, 1.3 and 0.3 kb (Klein et al., 2002). The 1.3 kb fragments were clearly visible in the 
TA1 broth culture samples (Figure 5.1B), showing this processing occurs in TA1. This 
was unknown to us initially, and slowed the workflow due to the incorrect belief that the 
purified RNA was of poor quality.  
Read alignment is typically considered an important quality control parameter (Conesa 
et al., 2016). Generally, low percentage of reads mapping to the reference genome is 
indicative of an issue with the analysis, assuming RNA quality is not the problem. These 
issues are usually due to DNA contamination of the samples, or incorrect 
implementation of the analysis software. In this study, the number of reads that mapped 
to the reference genome was very low for the rhizosphere-isolated samples (Table 5.3). 
However, we expected the rhizosphere samples to contain both plant and contaminant 
bacterial RNA. A similar low percentage of reads mapping to the reference is seen by the 
Poole lab for rhizosphere samples (Vinoy Ramachandran, personal communication). 
That contamination was the cause of the low mapping proportion is supported by the 
fact that the three broth culture control samples had excellent percentages for reads 
mapped to the reference (~95%) (Table 5.3). The only altered variable in the entire 
protocol was the initial growth condition, where the broth samples were isolated from a 
pure culture. Furthermore, the downstream computational analyses were identical, 
indicating no issue with the chosen parameters. 
There are a number of different software packages available for the analysis of 
differentially expressed genes, but there is no clear consensus on which tool is superior 
(Rapaport et al., 2013; Seyednasrollah et al., 2013; Conesa et al., 2016; Costa-Silva et al., 
2017). DEseq2 is regularly rated as one of several leading tools available when 
benchmarked against others, but in particular, DEseq2 is considered one of the 
preferred methods for analysing data with a low replicate numbers, e.g. < 5 
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(Seyednasrollah et al., 2013; Schurch et al., 2016). Moreover, DEseq2 deals well with the 
inherent biases prevalent in RNA-seq analyses.  
When comparing sample sets, adjusting the RNA-seq data sets to minimise inherent bias 
without negatively impacting the analysis is a difficult balance. There are several 
different types of bias that can exist in RNA-seq data that, if not dealt with, will cause 
serious issues with the results of the study. Three types of bias are common in 
transcriptomics: library depth bias, gene length bias, and RNA composition. Library 
depth bias is the relationship between the depth of the library of a particular sample and 
the number of counts per gene, which is proportional. Therefore if two samples have the 
same library depth there is no issue, but if the library depth varies, then this will cause 
bias, where genes in the library with more counts will erroneously indicate increased 
expression. Gene length bias is similar, except the counts per gene is proportional to the 
length of the gene, rather than the library depth. Therefore, longer genes will have a 
larger number of transcripts. RNA composition bias occurs when there is a large 
disparity in the expression of some genes of one sample, compared to another sample. 
Given the total number of counts for each sample should be the same, equally expressed 
genes will have lower counts in the sample that contains a few very highly expressed 
genes. The sample sets in this study had substantial variation in library sizes, when 
considering the number of reads that successfully mapped to the reference genome 
(Table 5.3).  
For the inherent bias prevalent in RNA data, as stated above, the data requires 
normalisation. The most widely reported normalisation method is reads/fragments per 
kilobase of exon model per million reads (RPKM/FPKM) (Mortazavi et al., 2008). 
However, these are within-sample group normalisation methods, not suitable for 
comparing different sample groups, as these methods normalise away the sequencing 
depth (Conesa et al., 2016). A more recent method, transcripts per kilobase million 
(TPM) is an improved method (Wagner et al., 2012), yet RPKM, FPKM and TPM do not 
produce good results when samples contain heterogeneous transcript distributions 
(Conesa et al., 2016). Regardless, DEseq2 documentation recommends non-normalised 
counts be incorporated, as DEseq2 implements its own method for normalisation 
(Anders and Huber, 2010). DEseq2 corrects for library size variation across samples and 
for composition bias but it does not account for gene length. However, as DEseq2 is 
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designed specifically to compare the number of counts between sample groups for the 
same gene, and so the gene length factor is irrelevant. Therefore, along with the library 
size variation between sample sets, the low replicate number of 3 per sample indicated 
DEseq2 was the most appropriate software package for this study.  
The aim of RNA-seq analyses in this chapter was not to provide an overall picture of the 
transcriptomic landscape of TA1 in the rhizosphere, but to establish RNA-seq as a tool to 
guide the identification of genetic traits that contribute to rhizosphere competence and 
competition. Given the shortcomings of the analysis, any claims about the overall 
landscape of the rhizosphere-induced Rlt transcriptome would likely be inaccurate and 
misleading. Therefore, rather than try and make such claims, we instead investigated a 
few genes that appeared to be significantly expressed during rhizosphere colonisation, 
that also made biological sense based on the conditions. That way, we could validate the 
methodology used, and attempt to improve it for future studies. 
Upregulation of the nod genes was expected in the rhizosphere environment. Therefore 
an important validation of the results of this analysis was the discovery that nodD2, 
nodE, nodA, nodC and nodM were significantly upregulated in the white clover 
rhizosphere. The heterogeneity of the samples likely impacted the statistics, hence some 
nod genes were not identified, yet each of the three main nod operons is represented by 
at least one or more upregulated nod gene. 
We initially chose two of the top 30 rhizosphere upregulated genes identified. To 
minimise the likelihood of selecting a false positive, the top 30 Rlt upregulated genes 
from both the white and red clover rhizospheres were compared. The two genes 
selected were a putative glutamine transport integral membrane protein and a biotin 
carboxylase encoded by glnP and accC, respectively. Subsequently a third gene was 
selected, 04711, although not present in the top 30 genes expressed, or expressed in the 
red clover rhizosphere at all. It was chosen based on encoding a putative T1SS, 
potentially similar to the prsDE T1SS known to be of significance in the pea rhizosphere. 
Furthermore, the presence of this putative T1SS upregulated in just one rhizosphere 
suggested a possible host-specific role.  
The gene glnP appears to exist in an operon encoding a glutamine transport system. 
There are two variants to this system, the glnQHMP E. coli system, and the Lactobacilli 
glnPHQ system (Kormelink et al., 2012). In TA1 several genes in this operon were up-
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regulated in both the white and red clover rhizospheres. The glnQHMP operon has been 
identified in many organisms, and is also present in a range of pathogens, influencing 
virulence and survival on the host (Klose and Mekalanos, 1997; Braibant et al., 2000; 
Tamura et al., 2002; Krastel et al., 2010). The operon has been well-characterised in E. 
coli where it was shown to encode for three proteins: GlnH, an extracellular solute 
binding protein; GlnP, an integral membrane protein; and GlnQ, an ABC protein (Nohno 
et al., 1986). All three genes were essential for glutamine transport activity, but as 
substantial work was performed with a glnP mutant (Nohno et al., 1986), this gene was 
chosen for deletion in this study.  
More recently the E. coli-type system present in Streptococcus mutans was shown to also 
transport glutamate (Krastel et al., 2010). Along with glutamate, glutamine is one of the 
main products formed by ammonia assimilation in free-living rhizobia via the glutamine 
synthetase (GS)/glutamate synthase (GOGAT) pathway. Glutamine and glutamate are 
each one of the 20 standard amino acids, and are important nitrogen donors for various 
biosynthetic processes in the cell. However, by scavenging for nitrogen-containing 
compounds, such as glutamine, the cell alleviates the need for ammonia assimilation 
(Reitzer, 2003; Forchhammer, 2007; Dunn, 2015).  
Plants exude a large amount of material which includes sugars, vitamins, carboxylic 
acids and amino acids, among other compounds (Bais et al., 2006). The exudate of pea 
has been shown to contain glutamine (Gaworzewska and Carlile, 1982) as has clover, 
although in clover there were only low levels of glutamine detected in exudate 
compared to root extract (Paynel et al., 2001; Lesuffleur et al., 2007). Nevertheless, 
glutamine is exuded into the rhizosphere of Trioflium species. Prior to establishing 
symbiosis, bacteria must effectively compete for nutrients. The upregulation of 
transporters for nutrients such as amino acids may provide a competitive advantage in 
the rhizosphere (Hosie et al., 2002).  
ABC amino acid transporters are classified into two groups: the PAAT and the 
hydrophobic amino acid uptake transporters (HAAT) (Hosie and Poole, 2001). The 
HAAT family consists of one type of transporter, whereas the PAAT family consists of 
two major divisions based on solute specificity, with 11 types of polar transport system. 
The first nine are considered narrow solute uptake specificity, usually only transporting 
a single amino acid or at least structurally related amino acids, and belong to the first 
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division. The other two belong to division two and have broad solute specificity, which 
includes the general amino acid permease (AapJQMP), and the glutamate, glutamine, 
aspartate and asparagine transporter (BztABCD) (Hosie and Poole, 2001). Most rhizobia 
encode genes for the broad-specificity ABC amino acid transporters, AapJQMP and 
BraDEFGC. They are the general amino acid permease and branched-chain amino acid 
permeases, respectively (Dunn, 2015). They are both encoded in Rlv and can uptake a 
variety of amino acids including glutamine (Walshaw and Poole, 1996; Hosie et al., 
2002).  
Despite the presence of these general transport systems, there was still a difference in 
the competitive ability between TA1 and TA1ΔglnP (Figure 5.12). The RCI of 0.76 
indicates the lack of glnP is considerably detrimental for rhizosphere competition. 
Furthermore, the functional redundancy encoded by general transport systems is likely 
to mask a more pronounced phenotype. Given the importance of glutamine in free-living 
rhizobia, this putative transporter might alleviate the stress of ammonia assimilation by 
scavenging glutamine, rather than producing it via the GS/GOGAT pathway. This 
difference may be substantial in the rhizosphere environment, where an enhanced 
growth-rate would provide a competitive advantage in the race to colonisation and 
symbiosis.  
In gram-negative bacteria, T1SS’s are made up of an outer membrane protein and two 
cytoplasmic membrane proteins and allow the secretion of proteins of varying size and 
function (Delepelaire, 2004). The proteins PrsD and PrsE form a T1SS that is important 
in the Rlv-pea symbiosis. In Rlv it is responsible for the secretion of NodO, as well as a 
range of other proteins, across both the inner and outer membranes, and mutation in 
prsD resulted in altered colony morphology and a Fix- phenotype on peas (Finnie et al., 
1997; Krehenbrink and Downie, 2008). 
TA1 does not contain the nodO gene, however the prsDE system was identified by 
homology with prtDE which is a T1SS that is an exporter of proteases (Król and 
Skorupska, 1997) that has been shown in E. coli to also be capable of secreting Rlv NodO 
(Scheu et al., 1992). A TA1 prsD mutant was constructed, resulting in strain TA1.34 that 
was only able to form ineffective nodules when inoculated on Trifolium pratense (Król 
and Skorupska, 1997; Mazur et al., 1998), suggesting T1SS play a role in symbiosis even 
in the absence of nodO. Therefore identification of another putative T1SS encoded by 
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04711 and 04710 is exciting as it may secrete an effector that enhances colonisation or 
infection of the host. Furthermore, upregulation in the white clover rhizosphere but not 
the red clover rhizosphere indicates a host-specific role that could differentiate 
competitive ability.  
A T1SS is usually composed of an ABC protein, a membrane fusion protein and an outer 
membrane protein and the outer membrane proteins are often not specific 
(Krehenbrink and Downie, 2008). In some species, such as M. loti, the genes encoding 
the secretion product and secretion system is linked (Chang, 2018). However, there is no 
obvious secretion product linked with 04711 and 04710. This does not preclude the 
possibility of excretion of an unlinked product. NodO is unlinked to prsDE in Rlv, and it 
has been suggested that NodO is not the original substrate, but simply adapted to exploit 
secretion via PrsDE (Fauvart and Michiels, 2008).  
On white clover TA1Δ04711 occupied 10.5% less nodules, with an RCI of 0.81 in direct 
competition with TA1. Therefore, 04711 had a discernible impact on competitive ability 
(Figure 5.12). Moreover, the RNA analysis identified upregulation of this putative T1SS 
in the white clover rhizosphere only. Therefore it would be interesting to investigate the 
relative competitive ability of TA1 and TA1Δ04711 on red clover in the future, as this 
would resolve whether 04711 confers a host-specific role in competition.  
ACC is a biotin-dependent enzyme responsible for the formation of malonyl-CoA from 
acetyl-CoA and bicarbonate (Davis et al., 2000). There are four subunits comprising ACC. 
The α- and β-carboxyltransferase subunits are encoded by accA and accD, respectively 
(Li and Cronan, 1992b). The accBC genes constitute a bicistronic operon encoding a 
biotin carboxyl carrier protein (BCCP), and a biotin carboxylase, respectively (Li and 
Cronan, 1992a). Typically the ACC carboxyltransferase subunits are separate from the 
accBC operon. The ACC reaction consists of two half reactions: In the first, biotin is 
carboxylated by bicarbonate in the presence of ATP to form carboxybiotin. In the second 
half reaction the carboxyl group is transferred to acetyl-CoA from carboxybiotin to form 
malonyl-CoA (Polakis et al., 1974). The ACC reaction catalyses the first committed step 
in the formation of fatty acid biosynthesis and was hypothesised to be the rate limiting 
step of fatty acid biosynthesis (Davis et al., 2000). 
Given that acetyl-CoA is usually an essential enzyme in fatty acid production it seemed 
unlikely that a null accC mutant would be viable. Interestingly, Rlt contains the matABC 
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operon, encoding a malonyl-CoA decarboxylase, a malonyl-CoA synthetase and a 
dicarboxylate transporter, respectively (An and Kim, 1998). Addition of the Rlt malonyl-
CoA synthetase genes to E. coli facilitated in vivo bypass of acetyl-CoA carboxylase 
activity, which allowed construction of accA and accB mutants (James and Cronan, 
2004). Nonetheless, malonyl-CoA synthetase requires malonate as a substrate and 
therefore it is unlikely this process would have been functional in Rlt under the in vitro 
growth conditions used in this study. However, some organisms revealed redundancy in 
the genes encoding ACC (Gago et al., 2011), and this appears to be the case in Rlt, since 
the accC gene targeted for mutation is a homologue of the primary accC-encoded biotin 
carboxylase from the ACC enzyme. Another region encoding accBC is present in TA1 
with stronger conservation to the ACC accBC orthologues from other species. The accC 
mutant in this study appears to be a second copy, with ~60% nucleotide identity with 
the highly conserved accC gene.  
The product of ACC, malonyl-CoA, is involved in fatty acid production (McGarry et al., 
1977; Wakil et al., 1983). Since fatty acid production is required under growth 
conditions, it is interesting that the accBC homologues identified appeared to only be 
upregulated in the rhizosphere, and not in broth culture. Therefore it was hypothesised 
that these ACC component homologues may have some role in the production of fatty 
acids specifically involved in symbiosis, i.e. the fatty acids required for NF production. 
Unfortunately, the relative competitive ability of TA1ΔaccC compared with TA1 
indicates no impact on competitive ability, at least on white clover, which was reinforced 
by an RCI of 1.04.  
Considering both glnP and accC revealed significant upregulation in the red clover 
rhizosphere, as well as the white clover rhizosphere, it would be interesting to 
additionally determine the symbiotic phenotypes of these mutants on red clover, where 
accC in particular, may reveal a role in competition. 
It is possible that the limitations throughout this study falsely identified the significance 
of the accC gene investigated. Alternatively, the lack of phenotype may be due to 
redundancy of that particular system, although not every mutant would be expected to 
produce a competitive defect. 
In the comprehensive transcriptome analysis of Rlv isolated from the pea rhizosphere, 
Ramachandran et al. (2011) compared the transcriptome of Rlv isolated from the 
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rhizosphere of pea, alfalfa (non-host legume) and sugar beet (non-legume), as well as 
glucose-grown culture. Forty six genes were selected for mutant construction and these 
mutants were screened for competitive ability in the pea rhizosphere against wild-type 
Rlv. Interestingly, despite being significantly upregulated in the pea rhizospere, not all 
affected rhizosphere competition The RCI for the mutants tested in that study range 
from 0.35 to 1.1. The authors show that none of the mutants completely inhibit 
rhizosphere growth, however several were significantly affected for rhizosphere 
colonisation and competition.  
Overall, the two major contributing factors undermining the robustness of this study 
were the percentage of reads mapping to the reference genome, and the overall number 
of reads, i.e. the sequencing depth. The latter is easy to improve; by reducing the number 
of multiplexed samples for each sequencing run, the number of reads per sample will 
dramatically increase. The mapping issue is more challenging, but more rigorous quality 
control of contaminated plants during the germination and inoculation period would 
minimise contamination of the rhizosphere. The Poole lab obtain approximately 30 – 
40% of reads mapped to the Rlv reference genome when isolating Rlv from the pea 
rhizosphere (Vinoy Ramachandran, personal communication), which coupled with 
adequate sequencing depth is sufficient for successful rhizosphere transcriptomics.  
The current RNA-seq protocol was an exploratory study attempting to gain a 
transcriptome profile of in vivo rhizosphere-induced Rlt. Despite significant limitations 
of the RNA-sequencing, it was encouraging that two of the three mutants identified using 
this methodology revealed a competitive disadvantage in competition with wild-type for 
rhizosphere colonisation.  
Improving upon the issues stated, and increasing the scale of the analysis, will enable us 
to produce a detailed and accurate transcriptomic analysis of Rlt on a range of clover 
species. Accurate Rlt transcriptomes, compared across hosts on which the Rlt strain of 
interest varies in symbiotic potential, will direct us to genetic traits that are contributing 















The rhizobium-legume symbiosis has provided living organisms with a sustainable form 
of fixed nitrogen for millions of years. Yet, arguably the greatest discovery of the 20th 
century was the Haber-Bosch process, the artificial production of ammonia from N2 
which allowed the production of nitrogen fertilisers on an industrial scale (Smil, 1999; 
Erisman et al., 2008). Estimates for the 100 year period from 1908 to 2008 attribute 
nitrogen fertiliser from this process for supporting approximately 48% of the world’s 
population (Erisman et al., 2008). Now, in a time when curbing unsustainable 
agricultural practices is paramount, the rhizobium-legume symbiosis provides a natural 
alternative that can be further exploited to reduce the use of inorganic fertilisers and the 
associated environmental harm.  
The work presented in this thesis is part of a programme titled “Improving forage 
legume-rhizobia performance” funded by the MBIE. The use of articifical nitrogen 
fertilisers in NZ resulted in the application of 432,200 T of synthetic N fertilisers to NZ 
soil in 2016 (Ministry for the Environment, 2018) and N2O, which primarily comes from 
N fertiliser, constituted 11% of NZ’s total GHG emissions (Ministry for the Environment, 
2018). The current commercial rhizobium inoculant for clover was isolated in Australia 
in 1955 and is not particularly effective in NZ soil. The MBIE-funded collaboration seeks 
improve the value of BNF by providing better inoculants for use in pastures across NZ, 
whilst simultaneously reducing our need for harmful synthetic nitrogen fertilisers.  
The aim of this study was to better understand the role of nod gene expression on the 
symbiotic capability of closely related Rlt strains, and to identify genetic traits that 
impart a competitive advantage in the rhizosphere which can be subsequently used as 
markers for the selection of elite inoculant strains for commercial use in NZ agriculture. 
The results showed substantial differences in nod gene expression between closely 
related strains that correspond to altered levels and compostition of NF which may 
influence symbitoic effectiveness. Moreover, the competitive ability of the strain appears 
to correlate with nitrogen fixing potential on the host. Additionally, a novel discovery of 
a second nod gene regulator, nodD2, indicates another level of complexity in Rlt nod gene 
expression, and it seems likely that nodD2 plays an important role in nodulation and 
competition.  
There is some evidence that clovers can select effective microsymbionts (Robinson, 
1969; Yates et al., 2005), however the mechanisms for this are unclear (Howieson and 
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Ballard, 2004). We may have uncovered a host-dependent mechanism that is capable of 
discriminating between effective and ineffective inoculants, which may be genetically 
determined in the Rlt strain by the presence or absence of nodD2.  
Finally, we have piloted a method for transcriptomic analysis of rhizobia isolated from 
the rhizosphere of clover, with promising early results that can be further developed in 
the future. 
The relative level of in vitro nod gene induction in response to synthetic flavonoid 
inducers revealed substantial variation between Rlt strains. We observed that the two 
strains with elevated expression of one of the nod gene promoters appeared to also be 
competitively superior on certain hosts, suggesting the level of nod promoter induction 
can indicate intraspecific competitive ability.  
There was significantly different induction of the ‘common’ and host-specific nod gene 
operons within most strains. WSM1325 was an exception, and deletion of nodFERL from 
this strain revealed a severe impact on symbiotic proficiency, which was much less 
severe for TA1. The high level of nodFERL expression appeared to be a significant reason 
for the symbiotic  success of WSM1325. Overall it appears likely that the nod gene 
induction will correlate to the NF profile of each strain, where TA1 is likely to produce a 
large amount of general NF and WSM1325 is more likely to produce primarily host-
specific NF containing highly unsaturated fatty acids. Furthermore, the competitive 
ability of the strain appears to relate to the symbiotic effectiveness. 
There are several phenological and geographical barriers to effective symbiosis between 
Rlt strains and the clover hosts (Howieson et al., 2005). The results in Chapter 3 suggest 
that a small proportion of unsaturated LCO is required for general successful nodulation, 
but we saw distinct nod gene induction profiles and competitive variation between Rlt 
strains capable of nodulation either side of the phenological barrier. High Rlt nodFERL 
expression appears to be an indicator for successful competitive ability on annual clover 
cultivars, whereas saturated LCO producing Rlt strains seem to be preferred by 
perennial clovers. This association between the Rlt LCO type and host growth-cycle 
suggests the degree of saturation of the fatty acid groups produced by Rlt is the 
discerning factor determining the type of host on which the strain will form an effective 
symbiosis. 
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This led to the hypothesis that there may be a second receptor, in additon to a general 
entry receptor, with higher stringency located in the cortical cells in the nodule 
primordia that perceive the saturation of the LCO signal from the Rlt strain, which 
refines the host specificity (Figure 6.1).  
Although the main focus of this work is to determine traits responsible for competitive 
ability, a secondary attribute conferred by elevated nodABC expression, and therefore 
elevated NF production (Castillo et al., 1999), is the growth promoting effect of NF on 
the host (Skorupska et al., 2010). This means strains in the rhizosphere with elevated 
nodABC induction are not only enhanced in their competitive nodule formation, but also 
confer the added benefit of increasing the growth and success of their hosts. 
An exciting finding from this study was the discovery of a functional second copy of the 
nod gene regulator, nodD2. Although nodD2 provides functional redundancy in the 
absence of nodD1, there appears to be distinct roles for the two copies. They showed 
variation in nod gene induction in response to flavonoids, and nodD1 mutants 
(expressing only NodD2) initiated significantly less ITs than nodD2 mutants (expressing 
NodD1) on white clover. The host-range data are currently limited, yet provide an 
indication that nodD2 extends effective nodulation onto hosts where nodulation would 
otherwise be compromised.  
The 13 Rlt strains present on the IMG database preferentially form effective symbiosis 
with hosts separated by the phenoloical barrier between clovers. This preference for 
annual or perennial hosts was found to strongly correlate with the phylogenetic 
groupings formed by the NodD sequences. Strains with one NodD were primarily annual 
clover symbionts and strains that possess NodD2 were almost all capable of effective 
symbiosis with perennial clover hosts. Therefore we propose that NodD2 is integral to 
the two receptor hypothesis advanced in Chapter 3, which involves a highly stringent 
cortical receptor that perceives the saturation of LCO molecules. We suggest that in 
perennial species, a secondary inducer is specifically recognised by NodD2, which 
regulates the production of a compatible NF profile for the cortical receptor of perennial 
hosts. The predicted structures of TA1 NodD1 and NodD2 support this idea, as the 
proposed flavonoid inducer binding pocket entrance (Kostiuk et al., 2013) was 




Figure 6.1 Model of the proposed mechanism for successful nodulation of annual or 
perennial clover species by Rlt. The three strains of interest are shown, with the likely NF 
profile of each displayed. The initial entry receptor requires a generic poly-unsaturated LCO for 
early infection of the host, produced in response to inducer 1, which in the case of white clover 
would be DHF. For annual clover nodulating Rlt strains, the nod gene induction by NodD in 
response to inducer 1 results in a large proportion of highly unsaturated LCOs, which are 
preferred by the stringent cortical receptor of annual clover hosts. In contrast, perennial clovers 
produce a second inducer during cortical IT penetration that is specifically recognised by 
NodD2. NodD2 enables the production of a specific NF profile, likely to be highly saturated LCOs, 
that are perceived by the stringent cortical receptor in perennial clover species. This provides 
the host with a mechanism of compatibility scrutiny that selects for effective strains.   
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Howieson et al. (2005) found that within 400 cross-inoculation groups, consisting of Rlt 
strains from the major centres of diversity along with both annual and perennial clovers, 
only 13% failed to induce any kind of nodule. Across the Rlt strains tested all nodulated 
sub clover but only 40% effectively, yet only 7.5% of the 228 perennial symbioses 
examined formed effective nodules. Perennial clover species therefore appear to be 
much less promiscuous than annual species, which fits well with the concept that the 
microsymbiont requires additional regulation and flavonoid recognition by a compatible 
NodD2 to form a symbiosis efficiently. 
Finally, Mathesius et al. (1998) provided evidence that white clover produces different 
inducers at temporally and spatially separate stages in symbiosis. They showed that 
following Rlt infection, white clover inner cortex cells contained a water soluble DHF 
derivative. However the nodule primordia cells contained a different inducer, the 
isflavonoid formononetin. The presence of different flavonoid inducers at distinct 
developmental stages in white clover infection is similar to the findings by Kelly et al. 
(2018), and strongly supports the hypothesis advanced in this work, depicted by the 
model shown in Figure 6.1.  
Future work to assess the nodulation kinetics and competitive ability of TA1ΔnodD1 and 
TA1ΔnodD2 on a much broader range of annual and perennial clover species should help 
confirm the accuracy of the model presented, and testing the mutants in response to a 
wider range of flavonoids, particularly formononetin, should reveal whether NodD2 
interacts with different inducers to NodD1.  
Future analyses using MS would provide insight into the composition of NF produced by 
the wild-type and mutant strains. Specifically, MS could be used to determine whether 
the high level of flavonoid induced nodA promoter induction in TA1 is correlated with 
elevated NF production. It would also be interesting to determine the NF produced by 
WSM1325, and the proportion that contains the species-specific highly unsaturated fatty 
acids, which we predict would be the majority, compared to a much lesser amount in 
TA1. Additionally, construction of a TA1ΔnodA mutant in the existing TA1ΔnodFERL 
background would allow further investigation into the WSM1325 nodFERL influence. 
Introduction of WSM1325 nodFERL and nodA into a TA1 nodA mutant background 
should resolve the unexpected phenotype where TA1ΔnodFERL exogenously expressing 
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WSM1325 nodFERL displayed a symbiotic capability indistinguishable from wild-type 
TA1, which may have been due to incompatibility of NodA.  
The overall purpose of this study was to determine the genetics of competitive 
rhizosphere colonisation and nodule formation, therefore an RNA-seq pipeline for 
rhizosphere-grown Rlt was developed based on established protocols (Ramachandran et 
al., 2011). The RNA-seq analysis performed was an exploratory study aiming to establish 
a methodology for larger scale future work. This method was problematic and 
challenging, but it provided encouraging results based on the limited dataset obtained. 
Two of the three genes investigated thus far revealed a modest but clear influence on 
competitive ability. 
Several issues with the current protocols have been identified and can be addressed in 
the future. Currently for the white clover samples ~20% of the reads mapped to TA1. An 
improvement of 10%, along with increased sequencing depth, should provide sufficient 
coverage for a robust and in-depth analysis of Rlt rhizosphere transcriptomics. To 
augment the number of reads mapped to the reference, the purity of rhizosphere 
samples needs to be improved. To achieve this, the initial germination plates should be 
incubated and if contaminants arise, the corresponding plant discarded. 
Improved sequencing depth can be achieved by minimising multiplexing and increasing 
financial input. In the current study, 12 samples were applied to an Ion Torrent chip v2 
which is intended to return 60 - 80 M successful reads. Therefore across 12 samples ~5 - 
6.7 million reads per sample would be expected. At 20% of the reads mapping to the 
organism of interest, i.e. our white clover samples, only 1 – 1.3 M successful reads are 
obtained per sample. However, by applying four samples per chip, at least 15 M raw 
reads would be obtained per sample. At 30% of the reads mapping to the reference 
genome, ~ 4.5 M reads would be obtained per sample. The genome size of TA1 is 8.62 
Mb, therefore based on an average read length of 75 bp these improvements would 
return at least 39 x coverage of the TA1 reference genome, based on the formula: 
Coverage = 𝑁𝑥𝐿/𝐺, where N = number of reads, L = average read length and G = genome 
size (Sims et al., 2014). An in-depth analysis in E. coli showed the majority of the E. coli 
transcriptome was detected using 5 – 10 million rRNA-depleted reads, and little 
advantage was gained beyond 10 M reads per sample (Haas et al., 2012). Therefore 
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these small improvements to gain ~4.5 million reads per sample should be sufficient to 
enable an accurate and reliable transcriptome study. 
The work carried out in this thesis showed that nod gene expression is more variable 
than anticipated between strains of rhizobia, which is likely to correlate with the 
amount and type of NF produced. It also appears there is a relationship between the 
competitive ability of an Rlt strain and its nitrogen fixing potential on the host. 
Furthermore, there are still new genes to be discovered that have a significant impact on 
symbiosis, i.e. nodD2 in Rlt, as well as a range of genes likely to be uncovered with the 
use of transcriptomic studies in the future. Despite the rhizobium-legume symbiosis 
being the most well understood microbe-host symbiotic relationship (Long, 2016), the 
findings in this thesis highlight the fact that there is still significant work to be done to 
fully understand this incredibly complex relationship between the bacteria and host.  
The geographic and phenological barriers that inhibit Rlt strains from readily forming 
effective symbiosis with both annual and perennial clover cultivars (Howieson et al., 
2005) is a major agronomic issue where both types of clover are grown in proximity, as 
the incoculant strain often can form effective nodules on one host type, but ineffective 
nodules on the other. Therefore understanding the reason for such barriers is crucial for 
informed selection inoculants in the future. We have proposed a model based on the 
results from Chapter 3 and Chapter 4 that suggests a two receptor system in clover 
species, with a low stringency entry receptor and a high stringency cotrical receptor, 
similar to what has been hypothesised in the past (Oldroyd, 2001a). We show that the 
LCO saturation is likely to be the distinguishing factor recognised by the host, but we 
also provide evidence  that one genetic trait responsible for determining whether an Rlt 
strain is likely to be effective on an annual or perennial clover species is due to the 
presence or absence of nodD2.  
The results from this study have already determined several genetic traits associated 
with increased competitive ability in Rlt. We have demonstrated that promoter 
expression can be incorporated as selection criteria for effective strains, and the 
presence of nodD2 is already being utilised by our collaboration as a selective marker for 
effective Rlt strains from the collection of strains isolated throughout NZ.  
Overall this work has provided a better understanding of what is occurring at the 
genetic level in the rhizobium-legume symbiosis so competitive rhizobia with high BNF 
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activity that are well suited for NZ pastures can be better identified. Beyond the current 
findings, this research has laid the groundwork for future studies to determine further 
traits for the informed selection of Rlt inoculant strains.  
Improving BNF will result in a sustainable source of nitrogen in agriculture, allowing for 
a reduction in the financial and environmental costs associated with the current reliance 
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Media and stock solutions were autoclaved (121°C at 15 psi) unless otherwise indicated.  
LB L-1 
 10 g tryptone 
 5 g yeast extract 
 5 g NaCl 
 16 g agar 
TY L-1 
 5 g tryptone 
 3 g yeast extract 
 2 ml of CaCl2.6H2O (0.65 g ml-1) 
Rhizobium Defined Media (RDM) L-1 
 10 ml Salts solution  
 10 ml BTB 
 6 ml NH4Cl (18 g NH4Cl L-1) 
 1 ml Trace elements 
 The pH is adjusted to 6.5 – 7 with 2 M KOH 
 For glucose RDM 20 ml of 20% glucose 
 For succinate RDM  
After autoclaving the media is cooled to 55°C and the appropriate carbon source, 10 ml 
L-1 phosphate solution, one ml L-1 vitamin solution, and any required antibiotics are 
added.  
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For G/RDM add 20 ml 20% Glucose. For sucrose RDM, a final concentration of 5% is 
required. 250 ml of 20% sucrose is autoclaved separately and once cooled to 55°C is 
added to RDM to a final volume of 1 L at 5%.  
RDM stock solutions: 
Carbon Source 
 20% Glucose: 40 g glucose/200 ml. 
 20% Sucrose: 50 g sucrose/250 ml. 
Phosphate solution (pH 6.5 - 7) L-1  
 100 g K2HPO4 
 100 g KH2PO4 
Salts solution L-1  
 25 g MgSO4. 7H20  
 2 g CaCl2. 2H2O 
 1.5 g FeEDTA 
 20 g NaCl 
Bromothymol Blue (BTB) (200ml) 
 0.4 g BTB (2 mg ml -1) 
 200 ml H2O 
Vitamins (50 ml filter sterilised) 
 50 mg Thiamine HCl  
 100 mg Ca Panthothenate 
 1 ml Biotin (1 mg ml-1) 
Hoagland’s plant growth solution 
 K2HPO4 0.19 g L-1 
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 KCl 0.29 g L-1 
 CaCl2·2H2O 0.73 g L-1 
 MgSO4·7H2O 0.37 g L-1 
 Micronutrients (see below) 1 mL L-1 
 Fe EDTA (see below) 1 mL L-1 
 K2HPO4 0.19 g L-1 
Hoagland’s micronutrients  
 ZnSO4·7H2O 0.22 g L-1 
 CuSO4·5H2O 0.08 g L-1 
 MnCl2·4H2O 1.81 g L-1 
 H3BO3 2.86 g L-1 
 Na2MoO4·4H2O 0.02 g L-1 
Fe·EDTA 
 FeSO4·7H2O 17.2 g L-1 
 1 M KOH 250 mL 
 Mix then add EDTA 22.8 g L-1 
Jensen’s media 
 CaHPO4 1 g L-1 
 K2HPO4 0.2 g L-1 
 MgSO4 0.2 g L-1 
 NaCl 0.1 g L-1 
 FeCl (anhydrous) 0.1 g L-1 
261 
Add 500 ml distilled water and heat on stirrer at 60°C to dissolve before autoclaving.  
Separately autoclave 12 g agar in 500 ml distilled water and autoclave. 
Combine solutions and mix on heated stirrer then dispense. 
 
Appendix B 
Buffers and solutions 
50 x Tris-acetate buffer (TAE) (1 L) 
To 600 ml distilled water add: 
 242 g Tris base 
 100 ml 0.5 M EDTA 
 57.1 ml glacial acetic acid 
Adjust to a final volume of 1 litre (pH ~8.5) 
Agarose gel: (100 ml) 
 1 g agarose powder/100 ml 1 x TAE buffer. 
Tracking dye 
 300 µl glycerol ml-1 
 300 µl bromophenol blue (10 mg ml-1) 




Table 8.1 The IMG database genome ID of the Rhizobium leguminosarum strains 
investigated throughout this study. 
Rhizobium leguminosarum strains IMG Genome ID  































Quality control and read alignment of raw RNA-seq reads to a reference genome 
Read mapping and quality control bash script executed on the Microbiology and 
Immunology department server. This script was adapted from a script kindly provided 
by Ben Perry. 
#!/bin/bash 
# Genome Assembly Pipeline 
# cd ShaunsRNADataFolder 
SAMPLES=$(ls) 
for genome in $SAMPLES 
do 
 cd  $genome 
 #Make directory for raw fastqc reports 
 mkdir "$genome"RawFastq 
 echo "Running fastQC on raw fastq files" 
 #Fastqc of raw seq files 
 fastqc -o "$genome"RawFastq *.fastq 
 echo "Running trimmomatic on fastq files" 
 #Trimmomatic 
 nice -10 trimmomatic SE -threads 20 *.fastq "$genome".trim.fastq.gz LEADING:10 
TRAILING:10 SLIDINGWINDOW:4:15 MINLEN:30 CROP:130 
 #Make directory for trimmed fastqc reports 
 mkdir "$genome"TrimFastq 
 echo "Running fastQC on trimmed fastq files" 
 #Summary of Trimmed Reads 
 fastqc -o "$genome"TrimFastq *.trim.fastq.gz 
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 echo "Running bowtie2 on trimmed fastq files" 
 #RNASeq Alignment 
 nice -10 bowtie2  --un-conc "$genome".unaligned.fastq.gz -p 20 --sensitive -q -x 
/SCRATCH/FERGUSON/bowtie2_ref/RLTTA1 -U *trim.fastq.gz -S "$genome".sam 
 echo "Converting sam files to bam files" 
 #samtools conversion of the output alignment.sam file into .bam format 
 /APPS/samtools-1.3.1/samtools view -b -o "$genome".bam "$genome".sam 
 echo "Sorting bam files" 
 #sorting the converted .bam file 
 /APPS/samtools-1.3.1/samtools sort -o "$genome".sort.bam "$genome".bam 
 echo "Indexing sorted bam files" 
 #indexing the sorted .bam file 
 /APPS/samtools-1.3.1/samtools index -b "$genome".sort.bam "$genome".sort.bai 





Script used to perform differential expression analysis in R 
The following script was formatted and produced using R Markdown. This script is an 
example of the scripts used to analyse differential expression in this study. This example 
shows the script comparing the triplicate TA1 white clover samples (treatment) against 
the triplicate TA1 broth culture samples (control). The exact same script was used when 
comparing different sample types, the only changes made were the object names 
assigned throughout.  
RNA sequencing differential expression (DE) analysis 
This script was written to analyse the differentially expressed genes between a set of 
control samples compared with a set of treatment samples. This example compares TA1 
grown in TY broth with TA1 grown in the rhizosphere of white clover. 








Set the working directory to where your data files are located 
setwd("~/R working directories/RNA seq files/") 
Load the Data (for bam files with associated index files - i.e. .bam and .bai file 
types) 
Both culture in triplicate 
broth_bam_1 <- (BamFile("sorted.clp.TA1_broth_1.fastq._single.tagged_filte
r.fastq.bam", index="sorted.clp.TA1_broth_1.fastq._single.tagged_filter.fa











stq.bam.bai", yieldSize=NA_integer_, obeyQname=FALSE, asMates=FALSE, qname
PrefixEnd=NA, qnameSuffixStart=NA)) 
White clover in triplicate 
WC_bam_1 <- (BamFile("sorted.clp.TA1_white_clover_1.fastq._single.tagged_f
ilter.fastq.bam", index="sorted.clp.TA1_white_clover_1.fastq._single.tagge
d_filter.fastq.bam.bai", yieldSize=NA_integer_, obeyQname=FALSE, asMates=F




d_filter.fastq.bam.bai", yieldSize=NA_integer_, obeyQname=FALSE, asMates=F




d_filter.fastq.bam.bai", yieldSize=NA_integer_, obeyQname=FALSE, asMates=F
ALSE, qnamePrefixEnd=NA, qnameSuffixStart=NA)) 
Specify the files using the BamFileList() function 
In this instance both conditions are specified (white clover, WC) and (Broth, B). 
Bamfiles_WC_B <- BamFileList(c(broth_bam_1, broth_bam_2, broth_bam_3, WC_b
am_1, WC_bam_2, WC_bam_3)) 
 
names(Bamfiles_WC_B) <- c("Broth_rep1","Broth_rep2", "Broth_rep3", "WC_rep
1" , "WC_rep2" , "WC_rep3" ) 
Bamfiles_WC_B 
Assign the genome feature (GFF) file 
Next, read in the gene model that will be used for counting reads/fragments. In this case 
a .gff file is assigned. 
gff_file <- file.path("TA1_02082017.gff") 
gff_file 
Using the gff_file make a trancript database (TxDB) file 
The GenomicFeatures package uses TxDb objects to store transcript metadata. 
txdb <- makeTxDbFromGFF(gff_file, format=c("auto")) 
txdb 
Make a list of genes, the following line produces a GRangesList of all 
transcripts grouped by gene 
Glist <- genes(txdb, filter=NULL, columns="gene_id", single.strand.genes.o
nly=TRUE) 
Glist 
Make a summarised experiment object 
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In this summarized experiment the following parameters were specified: the mode for 
read counting, the Genomic features list to use, the Bamfiles to use, read counting mode, 
and that the reads are single end/stranded. 
se_WC_B <- summarizeOverlaps(features=Glist, reads=Bamfiles_WC_B, mode="Un




Read in Metadata info 
Using a pre-made .csv file containing metadata, added the pertinent sample / phenotypic 
information for the experiment at this stage. 
read.csv("RNAseqmetadata_WC_Broth.csv") 
Metadata_WC_Broth <- read.csv("RNAseqmetadata_WC_Broth.csv") 
 
colData(se_WC_B) <- DataFrame(Metadata_WC_Broth) 
colData(se_WC_B) 
Following the construction of the fully annotated SummarizedExperiment object, this 
can be used to construct a DESeqDataSet object that will then form the starting point of 
the analysis. 
The data object class in DESeq2 is the DESeqDataSet, which is built on top of the 
SummarizedExperiment. The DESeqDataSet has an associated “design formula”. The 
design is specified at the beginning of the analysis, as this will inform many of the 
DESeq2 functions how to treat the samples in the analysis. 
Add an appropriate design for the analysis: 
The following line builds the DESeqDataSet from a SummarizedExperiment (se) and 
specifying a design formula. 
dds_WC_B <- DESeqDataSet(se_WC_B, design = ~ Treatment) 
dds_WC_B 
Run the pipeline by using the DEseq function 
dds_WC_B <- DESeq(dds_WC_B) 
Prefilter the data set 
This removes rows of the DESeqDataSet that have no counts, or only a single count 
across all samples. 
nrow(dds_WC_B) 
 





Check the millions of fragments that uniquely aligned to the genes 
The second argument of round tells how many decimal points to keep. 
round( colSums(assay(se_WC_B)) / 1e6, 1 ) 
Building the results table 
In general, the results for a comparison of any two levels of a variable can be extracted 
using the contrast argument to results. This will extract results for the log2 of the fold 
change of Treatment/Control. 
White Clover vs Broth 
Setting the Log fold change (LFC) to 0.585 (log2) gives results where the gene 
expression is +/- 1.5 fold change. 
There are two ways to be more strict about which set of genes are considered 
significant: 1. Lower the false discovery rate (FDR) threshold 2. Raise the log2 fold 
change threshold from 0 using the lfcThreshold argument of result. 
The results table is being constructed with an LFC of 0.585 and an FDR of 5% (the FDR is 
specified by alpha). 
res_WCvsBroth <- results( dds_WC_B_no_0, contrast = c("Treatment", "White 
Clover", "Broth"), lfcThreshold =0.585, alpha=.05 ) 
res_WCvsBroth 




Make a subset of the results containing only the significantly DE 
genes determined by padj 
This way you can produce a spreadsheet based soley on the genes significantly up- or 
down-regulated and exclude the genes that have been determined not statistically 
significant in expression. 
res_Sig_WCvsBroth <- subset(res_WCvsBroth, padj < 0.05) 
Reordering the genes by LFC 
Ordering them from positive -> negative 
res_Sig_WCvsBroth_up <- (res_Sig_WCvsBroth[ order(res_Sig_WCvsBroth$log2Fo
ldChange, decreasing=TRUE), ]) 
head(res_Sig_WCvsBroth_up) 
summary(res_Sig_WCvsBroth_up) 
Write a table of up and down regulated genes (Found in the R working 
directory - can be opened in Excel) 
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The table below Will show all DE genes based on the parameters chosen in decending 
order. 
write.csv(res_Sig_WCvsBroth_up, file="DE_Expression_WC_vs_Broth.csv") 
 
